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i 
Chalcogenide glass (ChG) materials have gained wide attention because of their 
applications in conductive bridge random access memory (CBRAM), phase change 
memories (PC-RAM), optical rewritable disks (CD-RW and DVD-RW), 
microelectromechanical systems (MEMS), microfluidics, and optical communications. 
One of the significant properties of ChG materials is the change in the resistivity of the 
material when a metal such as Ag or Cu is added to it by diffusion. This study 
demonstrates the potential radiation-sensing capabilities of two metal/chalcogenide glass 
device configurations. Lateral and vertical device configurations sense the radiation-
induced migration of Ag+ ions in germanium selenide glasses via changes in electrical 
resistance between electrodes on the ChG. Before irradiation, these devices exhibit a 
high-resistance ‘OFF-state’ (in the order of 1012 Ω) but following irradiation, with either 
60Co gamma-rays or UV light, their resistance drops to a low-resistance ‘ON-state’ 
(around 103 Ω). Lateral devices have exhibited cyclical recovery with room temperature 
annealing of the Ag doped ChG, which suggests potential uses in reusable radiation 
sensor applications. The feasibility of producing inexpensive flexible radiation sensors 
has been demonstrated by studying the effects of mechanical strain and temperature stress 
on sensors formed on flexible polymer substrate. The mechanisms of radiation-induced 
Ag/Ag+ transport and reactions in ChG have been modeled using a finite element device 
simulator, ATLAS. The essential reactions captured by the simulator are radiation-
induced carrier generation, combined with reduction/oxidation for Ag species in the 
chalcogenide film. 
ABSTRACT 
ii 
Metal-doped ChGs are solid electrolytes that have both ionic and electronic 
conductivity. The ChG based Programmable Metallization Cell (PMC) is a technology 
platform that offers electric field dependent resistance switching mechanisms by 
formation and dissolution of nano-sized conductive filaments in a ChG solid electrolyte 
between oxidizable and inert electrodes. This study identifies silver anode agglomeration 
in PMC devices following large radiation dose exposure and considers device failure 
mechanisms via electrical and material characterization. The results demonstrate that by 
changing device structural parameters, silver agglomeration in PMC devices can be 
suppressed and reliable resistance switching may be maintained for extremely high doses 
ranging from 4 Mrad(GeSe) to more than 10 Mrad (ChG). 
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 1 
1 INTRODUCTION 
Chalcogenide glass (ChG) is an amorphous glass containing chalcogen atoms 
(sulfur (S), selenium (Se), Tellurium (Te)) in conjunction with either group IV elements 
(i.e., Ge, Si) or group V elements (i.e., Sb, As). The properties of ChG are dependent on 
the compositional variations, therefore offering the flexibility to modify the properties of 
these materials for electronic, photonic and optoelectronic applications. High refractive 
index (ranging between 2 and 3.5) and good transparency in IR region (for example, Se-
based ChG) have ensured these promising materials for a wide variety of optical 
applications such as, for bulk optics, optical fibers (both active and passive), fiber 
amplifiers, gas sensors based on optical detection, waveguides for transmitting laser 
power and as optical filters and lasers. Thin ChG films are used in phase change optical 
storage technology (CD-RW and DVD-RW) and as highly efficient photovoltaic solar 
cell materials (cheaper than silica) [1]. 
Doping of ChG with many different components (elements or compounds) not 
only results in modification of basic physicochemical characteristics of the material but 
also changes in the optical and electrical properties. The effect of Ag photodoping in thin 
ChG films has lead to development of high-resolution inorganic photoresists for optical 
lithography in semiconductor manufacturing [1].  
Addition of some metals in ChG has also resulted in significant electronic and 
ionic conductivity of the material. In case of cation (M+) migration, nano-scale group I 
elements (i.e., Ag or Cu) are dispersed into ChG to form binary and ternary solid 
electrolytes. These solid electrolytes based on chalcogenide glasses forms essential 
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resistance switching mechanism for Programmable Metallization Cell (PMC), a 
technology platform for Conductive Bridging Random Access Memory (CBRAM) [1-10] 
and various other mass-transport applications. 
The ChG exhibits an array of photo-induced structural changes due to their weak 
bonding arrangements. Previous studies have significantly been focused on understanding 
U.V. light induced changes in ChG, however few studies on high-energy ionizing 
radiation effects on ChG thin films makes them of limited applicability in nuclear, space, 
medical and in various radiation environments. This work investigates ionizing radiation 
effects (especially 60Co gamma-rays and U.V. light) on various Ag/ChG devices and 
presents their usage either for radiation sensors or for radiation-hardened devices in 
electronic applications.  
1.1 Radiation Sensors Overview 
Radiation sensors have a number of applications, from survey monitors, which are 
used to supervise the generated radioactive wastes at nuclear power plants to personal 
dosimeters, which measure the radiation dose accumulated by individuals. Cumulative 
radiation detection systems provide information about total radiation energy exposure in 
materials that may cause accelerated radiation-induced damage or other undesirable 
effects over time [11-13]. Low cost film badges, which are good for large-scale 
distributed applications, require time-delayed and inconvenient wet chemical processing 
for readout. Thermoluminescent dosimeters (TLDs) need high-temperature processing for 
readout and they suffer from poor retention over time or during readout (i.e. discharge of 
electrons from traps into conduction band) and relatively high cost. Detection systems 
 3 
that provide an instantaneous electrical readout are clearly more desirable. Ionization 
chamber detection systems are expensive, bulky, and require a high voltage supply, and 
therefore are not suitable for distributed applications. MOSFET detectors are used in 
electronic sensors because of their small size, good signal retention, and instantaneous 
readouts; however, limited measurement range, lifetime, and drift in response over time 
can result in loss of accuracy in radiation measurement [11-13]. Therefore, there is a need 
to create small, portable and inexpensive radiation sensing detectors, that has low power 
consumption, instantaneous electrical readout, good state retention, and which has the 
capability to be included in integrated circuits for remotely sensing the radiation activity  
The metal photo-dissolution behavior observed in chalcogenide glasses has been 
extensively studied in recent years because of its potential applications in producing high-
resolution lithography, electrochemical devices and optical components. Figs. 1a&b 
shows the photo-doping mechanism at Ag/ChG interface under irradiation. In the case of 
the photo-dissolution of Ag, light illumination creates charged defects in the ChG and the 
photocarriers absorbed at the Ag-ChG junction cause the diffusion of the Ag into the 
glass. The presumed mechanism [14-29] is that the Ag metal traps holes and the junction 
potential causes electrons to move deeper into the ChG film and become trapped there.  
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(a) 
 
(b) 
 
 
“High” resistance prior to radiation 1012 Ω 
(c) 
 
“Low” resistance upon radiation 103 Ω 
(d) 
Figure 1. (a)&(b) illustrates the photo-doping mechanism at the Ag-ChG interface. 
Optical micrograph shows top view of Ag-ChG interface (c) before and (d) after 
irradiation 
 
The optical picture in figs. 1c&d shows a ChG material sandwiched between two 
Ag electrodes. The device before irradiation exhibits very high resistance between the 
electrodes because the ChG is a dielectric material. Once the device is exposed to 
irradiation, the photo doping process causes Ag to laterally diffuses into ChG and the 
region between the two Ag metal electrodes becomes completely doped with Ag, 
therefore lowering the resistance of the ChG material between the Ag electrodes 
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The electrochemical potential formed between positively charged Ag+ ions and 
negatively charged chalcogen atoms causes the penetration of the Ag into the ChG. 
Further light illumination at the interface of the newly formed doped/undoped region 
causes Ag+ to overcome the energy barrier and become incorporated into the undoped 
ChG, thereby enabling movement of the interface into the undoped region until the light 
source is removed or the Ag supply is exhausted. The resulting Ag-ChG ternary has a 
variety of interesting physical and electrical properties but the most important aspect for 
this study is the significant change in its conductivity, which increases with increasing Ag 
concentration [16-19]. Although much of the previous work on photodiffusion has 
focused on the effects of UV exposure, similar mechanisms are thought to be prevalent in 
the case of exposure to much higher energy ionizing radiation [27-31].  In general, the 
absorption of ionizing radiation across a broad energy spectrum (from “low energy” ultra 
violet to “high energy” gamma rays) can induce the incorporation of Ag metal into a ChG 
film. This will cause a significant change in the material’s resistance; a useful effect for 
radiation measurement/sensing applications. 
In this study a simple radiation sensing devices based on thin-film chalcogenide 
glasses (ChG) has been investigated, which detect radiation-induced dissolution and 
diffusion of Ag metal into the glass caused. Fig. 2 shows the overview of ChG sensor 
presented in this work. When the ChG sensors are exposed to either UV or gamma 
irradiation, the radiation causes Ag dissolution in ChG and the resulting resistivity 
change can be detected by the electrical resistance at the output. Both lateral and vertical 
device configurations has been examined and show the effect of film thickness and ChG 
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composition on the device’s response to exposure. Before irradiation, the sensors exhibit 
a high-resistance ‘OFF-state’ (~1012 Ω) and post-irradiation (60Co gamma-ray or UV 
light), the device exhibits a low-resistance ‘ON-state’ (~103 Ω), with a tunable input dose 
range.  
 
Figure 2. ChG sensor overview: Radiation causes Ag doping in, therefore changing 
resistivity of GeSe 
 
These devices provide the possibility of a cost-effective, very low-voltage (10 
mV) alternative to the current set of radiation sensor options. Most commercially 
available MOSFET dosimeters, for example, require more than one volt to operate. The 
ChG sensor presented in this thesis exhibits controllable sensor performance 
characteristics, good data retention, and instantaneous readout. The device is compact in 
size, scalable, and can be easily and inexpensively incorporated into a standard integrated 
circuit process flow, making it a good candidate for the next generation of portable, 
electronic, field dosimeters. 
Fabricating the devices on a conductive substrate has shown to improve the linear 
dependence of output electrical resistance on input applied dose. Furthermore the metal-
chalcogenide devices have exhibited cyclical recovery in radiation induced erasing 
(RESET) and thermal writing (SET) of Ag clusters in chalcogenide glass, and has 
potential in reusable radiation sensor applications.  
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The ChG films are inherently flexible [32,33] and this, along with an extremely 
simple device fabrication process at or near room temperature, allows inexpensive sensor 
structures to be fabricated on lightweight pliable polymeric substrates such as 
polyethylene napthalate (PEN). The ease of device layout and fabrication process 
developed in this study has lead to the device fabrication on flexible polyimide substrate; 
therefore demonstrating the feasibility of producing inexpensive large-area flexible array 
detectors for reliable radiation detection. Fig. 3 shows array of sensors fabricated on a 
flexible Cu-polyimide substrate from Rogers Corp. In this study, the sensors were 
subjected to both tensile and compressive stress, parallel and perpendicular to the ChG 
film between Ag electrodes. Almost no change in electrical characteristics was observed 
on sensor performance, with respect to bending strain and temperature annealing stress.  
 
 
Figure 3. Array of ChG sensors on a flexible substrate 
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Flexible sensors are potentially more useful than rigid variants as they can be 
readily (and conformally) attached to non-flat objects such as flasks, barrels, and pipes, 
and they are inherently more robust as they will resist breaking when stressed.  They are 
also potentially lighter than rigid versions as they can be formed on thin plastic 
substrates.  In addition, flexible substrates allow roll-to-roll processing to be employed in 
manufacturing and hence fabrication costs can be very low. 
ChG thin films are innately supple and have been extensively investigated as 
materials in flexible optical fibers [34-36]. The weak bonding that give ChG’s their 
flexibility are also the source of their sensitivity to electromagnetic radiation, allowing 
them to dissolve metal into their structure when exposed [37]. The nature of the ChG 
allows for the generation of defects and structural modifications in the presence of 
radiation, which benefits incorporation of Ag to change the conductivity of the material. 
In this study the effects of mechanical strain and temperature stress on flexible ChG 
sensors are demonstrated [38].   
1.2 Programmable Metallization Cell (PMC) Technology 
Programmable Metallization Cell (PMC), also known as electrochemical 
metallization cell (ECM), gapless-type atomic switches, is a metal–electrolyte/insulator–
metal (MEM/MIM) structure, the operation principle is based on formation and 
dissolution of nano-sized conductive filaments between top and bottom electrode through 
series of electric field dependent electrochemical based REDOX reaction and ion 
transport mechanisms [1-10]. The formation and dissolution of nano-sized conductive 
filament in solid electrolyte/insulator has led the technology to wide range of 
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applications: memory, microelectromechanical systems, microfluidics and optics [1-10, 
39-58]. PMC devices have many advantages like small cell sizes, wide dynamic range 
between the ON and OFF state (> 108), fast write speeds (< 100 ns), low write energy, 
sub 500 mV and sub 100 nA operation, endurance up to over 1010 cycles and retention for 
10 years, and integration with the CMOS back end of line (BEOL) process flow and in 
passive array configuration for high density memory applications [1-10]. 
During the commercial development of PMC devices for the memory application, 
the term conductive bridging random access memory (CBRAM) has been used by the 
semiconductor industry. Fig. 4 shows a transmission electron micrograph cross-section of 
a typical integration scheme for Ag-Ge-S devices in an active (1T-1R) CBRAM® array 
[59,60]. In this case, the cell is comprised of a Ag-Ge-S solid electrolyte that is formed 
between oxidizable Ag top-electrode and inert W bottom-electrode. Other work has 
shown that the stability of the on-state in 1T-1R cells is sufficient to allow more than 10 
years data storage at 85ºC [59,60], indicating a level of non-volatility comparable to 
standard Flash memory. 
 
Figure 4. Transmission electron micrographs cross-sections of an active array integration 
scheme for Ag-Ge-S devices in 130 nm CMOS technology. Right image is a detail view 
of a single storage cell [59]. 
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Current memory technologies, such as DRAM, SRAM, and NAND Flash 
memories have neared their physical scaling limits (sub 20 nm) due to reliability 
concerns [1-10]. Smaller device dimensions due to scaling have resulted in increased 
interference between the cells due to capacitive coupling, decreased cell capacitances, 
high leakage currents and hence decreased charge stored for 1 bit information. As a result 
of physical limitations, further scaling NAND flash technology opened up possibilities 
and opportunities for new memory technologies, many in the category of Resistance 
change RAM’s (ReRAM/RRAM). CBRAM is classified under the category of cation 
based resistance change memories that has gained significant attention in both 
semiconductor industry and academia for product development and commercialization. 
Fig. 5 shows the emerging memory technologies evaluation based on risks (assessed 
using cost analysis) associated with attributes, presented at Fall 2012 Analyst Conference 
by Micron Technology Inc. Clearly CBRAM has lowest risk factor among other 
emerging technologies and has positioned itself as the potential successor for future 
memory and storage technologies.  
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Figure 5. Emerging memory technologies evaluation based on risks (assessed using cost 
analysis) associated with attributes, presented at Fall 2012 Analyst Conference by Micron 
Technology Inc.  
 
One other requirement that has driven alternative memory development is 
tolerance to radiation. Non-volatile memories that can tolerate extreme radiation 
environments are desired in a variety of medical (for gamma sterilization) space and 
nuclear applications. Current floating gate (FG) flash memory technology, which is the 
most common non-volatile memory variant, can only tolerate a few tens of krad (Si) and 
so is of limited use in this context. Emerging non-volatile memory technologies such as 
phase change memories (PCM), magnetoresistive memories (MRAM), and resistive 
memories (ReRAM) have demonstrated superior radiation hardness compared to charge-
based storage technologies [61]-[72]. Various ReRAM switching materials have shown 
radiation tolerance, including Cu-doped HfO2 (350 krad(Si), gamma radiation and 5 
Grad(Si), protons) [61],[62], TiO2 (45 Mrad(Si), 1MeV gamma radiation) [63], TaOX 
(2.5 Mrad(Si), gamma radiation and 5 Mrad(Si), 4.5 MeV proton) [64], HfO2 (5 Grad(Si). 
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proton) [65], and ZrOX/HfOX [66]. Recent gamma irradiation testing on commercial 
packaged CBRAM memory products showed radiation dose tolerance up to 5 Mrad [73]. 
High radiation tolerance of these memory cells could open new applications, for example, 
in the medical device industry where gamma sterilizable electronic components are 
needed. In this study we demonstrate the radiation tolerance of Programmable 
Metallization Cells (PMC) based ReRAM cells and highlight methods for reducing 
radiation–induced device failures. 
This study also presents the mechanisms of silver anode surface agglomeration 
(either radiation or fabrication induced) in Ag/Ag-Ge30Se70/Ni Programmable 
Metallization Cell (PMC) structures. Electrical and material characterization results show 
that surface migration and subsequent agglomeration of the Ag top (anode) electrode 
induced by exposure to 60Co gamma-rays causes permanent switching failure of the PMC 
device. Loss of Ag electrode continuity causes the devices to remain in their high 
resistance state (HRS). In addition, growth of Ag hillocks on the surface and at the 
sidewalls of the device during the fabrication process can cause the devices to 
permanently fail in a low resistance state (LRS). In order to address these shortcomings, 
critical fabrication parameters such as Ag deposition rate, photo-doping time, thickness 
of the Ag anode, and thermal annealing, have been studied. As a result, both the 
fabrication yield and radiation tolerance of the devices has been improved by optimizing 
device structural parameters. DC measurements and impedance spectroscopy were used 
prior to and following irradiation. A decrease in the HRS of the device was evident at 
higher radiation doses, suggesting an increase in Ag incorporation in the chalcogenide 
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glass but with no loss in functionality. SEM and AFM analyses suggested that radiation-
induced agglomeration is caused by Ag photo-deposition on the Ag-rich glass film, 
activated by internal electric fields that are developed by photo-generated carriers. 
Moreover, radiation-induced Ag photo-deposition was shown to be reversible through 
thermal, e-beam or gamma irradiation annealing of PMC devices, due to inversion of the 
electric field at the interface between the Ag photo-deposited clusters and Ag-poor 
chalcogenide glass. 
The effects of cobalt-60 gamma ray exposure on Ag-doped Ge40S60 based PMC 
elements are investigated in order to assess whether ionizing radiation has an impact on 
the resistance switching response of these devices. These Ge-S PMC elements were 
irradiated up to a TID of 10 Mrad(Ge40S60) and have showed no failure in device 
operation during post-irradiation testing. Two different test structures with Ag anode 
thicknesses of 35 nm and 100 nm were tested in order to assess the radiation-induced 
degradation on resistance switching performance.  
1.3 Thesis Outline 
This work investigates the effects of gamma radiation on various 
metal/chalcogenide glass/metal (nano-ionic) structures. Chapter 2 presents a novel 
radiation sensor based on thin-film chalcogenide glass that was created at ASU during 
this study. These devices show decrease/change in resistance as a result of radiation-
induced photodoping of Ag into chalcogenide glasses This work investigates various 
sensing capabilities of chalcogenide glass radiation sensor with two different 
compositions (Ge20Se80 and Ge30Se70), four glass thicknesses (5 nm, 10 nm, 20nm and 
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100 nm), and three different device configurations (glass, Ni-metal and flexible 
polyimide) that were exposed to UV light and 60Co gamma-ray irradiation. These results 
demonstrate that by changing the critical device parameters, the sensor performance 
characteristics could be optimized for various applications in radiation dosimetry. 
Further, the combination of photo-induced surface deposition and thermal annealing 
properties in Ag-Ge-Se thin films in this study has made possible to demonstrate that the 
Ag-ChG device for reusable sensor applications. By using a Ni-metal substrate 
underneath sensor structure, it has been demonstrated that a more linear dose response 
characteristics for a wide dynamic range can be achieved. The demonstration of sensor 
fabrication on flexible polyimide substrate will potentially open production for 
inexpensive large-area flexible dosimeters that could be applied in fields such as nuclear 
engineering and medical dosimetry. 
Chapter 3 reports the effects of mechanical strain and temperature stress on thin 
film chalcogenide glass based radiation sensors. Furthermore the silver lateral diffusion 
profiles in ChG achieved in experimental results are modeled using COMSOL 
simulations. The simulation results show how neutral Ag diffuses into the ChG film, with 
respect to radiation dose. 
Chapter 4 addresses some of the challenges related to surface agglomeration of 
silver in PMC devices. The results signify that the surface agglomeration of Ag affects 
the PMC devices in either (1) permanent short-circuit failure, where the devices cannot 
be switched back to high-resistance OFF state, (2) temporary short-circuit, where a hard-
erase is required to switch the device back to high-resistance OFF state and, (3) 
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permanent open-circuit failure, where loss of silver anode (due to migration and/or 
agglomeration most likely caused by thermal effects) continuity will cause permanent 
failure. This work investigates some of critical fabrication process parameters affecting 
the silver surface agglomeration and demonstrates alternative fabrication process steps in 
order to overcome these shortcomings. The bi-layer PMC cells that are yielded as a result 
of alternative fabrication process are also presented. 
Chapter 5 investigates stability of Ge-Se and Ge-S based PMC devices under 
extreme gamma radiation. Preliminary results indicate that Ge30Se70 based PMC devices 
have displayed resistance-switching characteristics, with a considerable difference 
between ON and OFF-state, up to a TID of 4.53 Mrad (Ge30Se70). These elements 
showed significant degradation and resulting failure in the resistance switching response 
after this high TID. Alternative fabrication process and resulting structure of PMC cells 
have shown to improve the radiation tolerance for reliable resistance switching to more 
than 10 Mrad(ChG). 
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2 SENSORS BASED ON RADIATION INDUCED DIFFUSION OF SILVER IN 
GERMANIUM-SELENIUM GLASSES 
2.1 Fabrication of Test Structures 
 Sensors presented in this paper are extremely simple to make as the fabrication 
process involves only two main steps: (1) deposition of a thin ChG film on a substrate 
and (2) formation of electrodes on the ChG. The electrodes supply the metal for 
photodoping as well as the terminals for resistance measurement. The substrate may be 
insulating or conductive, depending on the device configuration, and may also be 
flexible. 
Two different device configurations, lateral and vertical were investigated. Both 
exploit the mechanism of radiation-induced diffusion of the surface electrode metal but in 
the lateral device case, the ChG film resistance is measured between two electrodes on its 
surface whereas the vertical device relies on the resistance change in a ChG film that is 
sandwiched between an upper and lower electrode. The materials selected were Ge20Se80 
and Ge30Se70 glasses and Ag electrodes. In general, Ag has high diffusion ability in Ge-Se 
films and many tens of atomic percent of Ag can be incorporated in them. These 
particular Ge-Se compositions were chosen to assess the effect of chalcogen content on 
device response since it is known that Ag diffusivity is higher in more chalcogen rich 
material [14-26, 74-78].  Several Ge-Se thicknesses were also used to determine the 
effect of this parameter on sensor performance.   
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Figure 6. Lateral device: Sensor fabrication process sequence. 
 
The processing steps involved in the fabrication of the lateral devices are shown 
in Fig. 6. Blanket Ge20Se80 and Ge30Se70 films, 5 nm, 10 nm and 20 nm thick, were 
evaporated onto cleaned microscope glass slides in a Cressington 308 thermal evaporator 
at a deposition rate of 0.1 nm/s. Then 35 nm of Ag was evaporated at 0.1 nm/s through a 
shadow mask on top of the deposited ChG film in the thermal evaporator in order to form 
the Ag electrodes on the Ge-Se film surface. Figs. 7a and 7b shows the cross-sectional 
view and top-view of the lateral devices, respectively. The Ag dots are 2 mm diameter, 
with a spacing of 1 mm between them. 
For the vertical device variants, a blanket deposition of 100 nm of Ni was 
evaporated on a cleaned glass slide using a TorrVac VC-320 electron-beam evaporator to 
act as a bottom electrode. Then, a blanket deposition of 100 nm Ge30Se70 was performed 
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using the thermal evaporator. Finally, 35 nm Ag electrodes were formed using the 
shadow mask as before.  
 
 
(a) 
 
(b) 
Figure 7. Lateral device: (a) Cross-section view and (b) top view. 
 
2.2 Radiation Test Protocol and Device Characterization 
Step stress UV irradiation was performed on these structures as a simple and 
quick means for assessing resistance change due to photodissolution of the Ag electrodes 
as a function of exposure time. The UV light power density was 2.67 mW/cm2 at a 
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wavelength of 324 nm (1 h of UV exposure therefore corresponded to a total energy 
absorption density of 9.61 J/cm2). The dose is the energy density of the UV source 
(measured by an external calibrator) that is delivered at the point of incidence onto the 
sample.  
For 60Co gamma-ray exposure, the samples were placed in a Gammacell 220 
irradiator with a dose rate of 10.5 rad(Ge-Se)/s. The doses are converted from SiO2 to a 
ChG equivalent using the relative energy-absorption mass coefficients for the constituent 
elements (taken at the average energy of 1.25 MeV). The samples were periodically 
removed from the Gammacell to measure the change in electrical resistance with respect 
to increasing dose levels. A maximum total ionizing dose (TID) of 1.5 Mrad and 4.5 
Mrad(Ge-Se) was reached in two different irradiation experiments. The samples were 
exposed at room temperature and were left floating (electrodes unconnected) during the 
exposures. 
 Quasi-static DC electrical measurements were performed using an Agilent 
4155B/C Semiconductor Parameter Analyzer (SPA) at room temperature. For lateral 
devices, the resistance between two adjacent Ag electrodes was monitored for 500 s, at 
10 mV bias. The electrical measurements were carried out at such low-voltages in order 
to minimize Ag drift and avoid electrodeposition effects, which may result in dendrite 
growth caused by internal electric fields during measurements. Resistance measurements 
with respect to dose were taken when there was a significant resistance difference 
(typically an order of magnitude) between each TID level. For vertical devices with Ni as 
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the bottom electrode, the electrical measurements were performed vertically 
(Ag/ChG/Ni).   
Optical microscopy was performed using a Zeiss Axiophot Microscope. Bright-
field images were taken in order to capture the evolution of Ag diffusion into the ChG 
following UV and gamma irradiation. Dark-field images were taken to investigate the 
surface morphology of Ag-Ge-Se film before and after room temperature annealing 
experiments following exposure. 
2.3 Device Operation 
Fig. 8 shows the evolution of Ag lateral diffusion in Ge20Se80 with respect to UV 
exposure time. Fig. 8a shows two Ag electrodes on top of 5 nm thick Ge20Se80. These two 
electrodes are used as contact pads for electrical measurements as well as providing the 
Ag for incorporation into the ChG layer. Before UV exposure, the device exhibits a very 
high resistance state (OFF state). This OFF state resistance cannot be determined 
precisely using the 4155B/C SPA, as the current is below the measurement limit of the 
instrument, but is in the order of 1012 Ω.  
After 19.22 J/cm2 of UV exposures, as shown in Fig. 8b, Ag has diffused laterally 
by more than 0.5mm between the two electrodes. At this stage, the device is still in the 
OFF-state, as there remains a region of undoped ChG between the measurement 
electrodes. As shown in Fig. 8c, after 33.64 J/cm2 of UV exposures, the ChG layer 
between the electrodes has been bridged by Ag-Ge-Se (doped) material. At this stage, the 
device is in a low-resistance ‘ON-state’.  
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(a)             (b) 
 
 
(c)             (d) 
 
Figure 8. Optical micrographs show evolution of UV light induced Ag lateral diffusion 
in a 5 nm thick Ge20Se80 film, (a) before irradiation, (b) after 19.22J/cm2, (c) after 33.64 
J/cm2, and (d) after 43.25 J/cm2 of UV dose. 
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The device resistance may be approximated by,                                     𝑅!"" = 𝑅!"#$%&# + 𝑅!"#$! ≈ 𝑅!"#$%&#                                    1                                       𝑅!"     = 𝑅!"#$%&#||  𝑅!"#$!                                                                                    2  
                        =      𝑅!"#$%&# ∗ 𝑅!"#$!       𝑅!"#$%&# + 𝑅!"#$!            ≈ 𝑅!"#$!   
where, 
                                          𝑅!"#$! = 𝜌!"#$! 𝑙𝑤!"#$! ∗ 𝑡                                                                                    
                                  𝑅!"#$%&# = 𝜌!"#$%&# 𝑙𝑤!"#$%&# ∗ 𝑡                                                                  
 
where 𝜌!"#$! and 𝜌!"#$%&#  is the resistivity of Ag-Ge-Se, (𝜌 depends on 
concentration of Ag in Ge-Se) and undoped ChG respectively, 𝑙 is the distance between 
two electrodes, t is the thickness of ChG, and w is the width of doped or undoped region 
between the electrodes. So as the width of Ag-Ge-Se between two electrodes is increased, 
the resistance is decreased. 
 The threshold dose (Dth) for radiation measurement can be defined as the point 
when the doped regions between two Ag electrodes connect, i.e. when a Ag-Ge-Se 
conduction pathway between the two electrodes is formed. As shown in Fig. 8c, although 
the ChG region between two electrodes has been Ag-doped, the longer region between 2 
diagonal Ag electrodes has not been fully bridged. After 43.25 J/cm2 of UV exposures, 
the undoped regions of ChG film have been completely doped with Ag, as shown in Fig 
8d. The dose and resistance at this stage can be defined as saturation dose (Dsat) 
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saturation resistance (Rsat), where Ag has completely saturated the ChG film. At this 
point, no further significant change in resistance with additional irradiation is evident. 
 For devices with Ni as the lower electrode, threshold dose (Dth) can be defined as 
the point when the ChG region between Ag and Ni electrodes becomes saturated with 
Ag, as shown in Fig. 9c. At this stage the resistance is defined by resistivity 𝜌!, the 
distance between Ag and Ni electrodes l, and top electrode area 𝐴! = 𝜋 !!!! . Once the 
region between the vertical electrodes has become doped, further radiation on these 
devices causes lateral diffusion of Ag away from the electrode region, and the resistance 
at this stage (as shown in Fig. 9d) will be defined by the resistivity of the ChG following 
this lateral diffusion 𝜌! and the larger area 𝐴! = 𝜋 !!!! .   
 
Figure 9. Vertical device: evolution of Ag diffusion (a), (b) OFF-state, (c), (d) different 
ON-states. 
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2.4 Experimental Results and Discussion 
2.4.1  UV Exposure Results on Lateral Devices 
UV irradiation tests were performed on 5 nm thick Ge20Se80 devices and the 
average resistance with respect to total UV dose was measured on a minimum of 20 
devices. The devices were exposed to a total UV dose of 124.93 J/cm2. The resistance of 
each device was monitored for 500 s and Fig. 10 shows the average resistance with 
respect to measurement time, at various total UV dose levels.  
Fig. 10 shows that the resistance of the devices decreases and saturates in 
response to the total UV dose. The high OFF-state resistance (approximately 1012 Ω) is 
not plotted, since it is beyond the instrument range. After a dose of 43.25 J/cm2, the 
resistance of the device was 2.5 kΩ (Rsat) and shows no significant change beyond this, 
even after 124.93 J/cm2 of UV exposures. The average resistance also shows no 
significant change during the measurement time (i.e. 500 s) at room temperature, 
therefore suggesting that the application of bias (at 10 mV) during measurements may not 
cause Ag diffusion and disturb the state of the device. The decrease in resistance at 
incremental UV doses is mainly due to UV induced photodoping of Ag into the ChG and 
not due to measurement bias. The OFF-state resistance is not plotted since it is beyond 
the instrument range.   
 25 
 
Figure 10. Resistance as a function of time of 5 nm Ge20Se80 lateral devices. 
 
Two different thicknesses of Ge20Se80 (5 nm and 20 nm) and Ge30Se70 (5 nm and 
20 nm) samples were fabricated in order to differentiate the effect of ChG thickness and 
composition on sensor performance. Fig. 11 plots of average resistance with respect to 
UV dose for four different samples and Table I shows the effect of composition and 
thicknesses on Dth and Dsat. These results demonstrate that regardless of device type, the 
sensors show a rapid reduction in resistance followed by saturation in response, when 
exposed to UV irradiation.  
As shown in Fig. 11, the devices with greatest sensitivity are 5 nm thick Ge20Se80 
devices and the second most are 5 nm thick Ge20Se80 devices. From Table I, the threshold 
UV dose (Dth) of 5 nm and 20 nm Ge20Se80 are 24.0 and 48.1 J/cm2 respectively, and for 
 26 
5 nm and 20 nm Ge30Se70 are 33.6 and 67.3 J/cm2, which shows that the Dth of the device 
can be increased by increasing the thickness of ChG layer. At Dth, the resistivity of 5 nm 
Ge20Se80 is calculated as 7.5x10-3 Ω·m and of 5 nm Ge30Se70 is 3.75x10-2 Ω·m. It is also 
evident that the composition of ChG can also influence the Dth of the device. Also the 
difference, Dsat–Dth, is smaller in Ge20Se80 compared to Ge30Se70 devices, indicating that 
Ge20Se80 devices might have greater radiation sensitivity due to more rapid achievement 
of the threshold condition. This is likely due to the greater Ag diffusivity in more 
chalcogen rich materials. 
 
Figure 11. UV Dose Response Curve of lateral devices: Resistance as a function of total 
UV dose of Ge20Se80 and Ge30Se70 of 5nm and 20nm thicknesses. 
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TABLE 1: UV SENSOR PERFORMANCE CHARACTERISTICS 
 
 
2.4.2  Gamma-ray Exposure Results 
Exposure to gamma irradiation has also been performed on device samples and 
Fig. 12 shows the average resistance with respect to dose for 10 nm Ge20Se80 devices. 
The average threshold dose (Dth) is ~495 krad (Rth=2.08x109 Ω) and Dsat is ~694 krad 
(Rsat=9.32x104 Ω). Comparing Fig. 11 and 12, the devices show similar resistance change 
response to both UV and gamma radiation.   
 
Figure 12. Resistance as a function of gamma TID of 10 nm Ge20Se80 lateral devices. 
 
Devices Dth (J/cm2) Rth (Ω) Dsat (J/cm2) Rsat (Ω) Dsat-Dth (J/cm2) 
5 nm Ge20Se80 24.03 1.5x1006 43.25 1.6x1003 19.22 
5 nm Ge30Se70 33.64 7.5x1005 62.47 1.8x1003 28.83 
20 nm Ge20Se80 48.06 2.3x1005 67.28 8.0x1003 19.22 
20 nm Ge30Se70 67.28 7.5x1005 96.12 1.6x1004 28.83 
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2.4.2.1 Effects of Agglomeration and Annealing 
In order to study the effect of thickness on sensor performance, 5 nm thick 
Ge20Se80 devices were fabricated and exposed to gamma rays for a TID of 1.7 
Mrad(Ge20Se80) (i.e., Figs. 13 and 14). Fig. 13 plots average resistances (approximately 
20-25 devices) up to a TID level of 940 krad(GeSe) and Fig. 14 from a TID of 940 
krad(GeSe) to 1.7 Mrad(GeSe) (including room-temperature annealing intervals). For 
these devices Dth=555 krad (Rth=4.2 GΩ) and Dsat=660 krad (Rsat=6 kΩ). Although no 
significant difference has been observed in Dth of 5nm and 10nm devices, the Rsat of 10 
nm is higher than 5 nm devices, suggesting higher resistivity in 10 nm devices (for 
constant Ag electrode thicknesses). Also the response time (Dsat-Dth) is lower in 5 nm 
devices (105 krad), compared to 10nm device (199 krad), therefore indicating that Ag 
diffusion is faster in thinner films.  
  
Figure 13. Average resistance as a function of gamma TID of 5 nm Ge20Se80 lateral 
devices. 
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After the devices reach a saturation dose at or below 660 krad(GeSe), as shown in 
Fig. 13, they were further stress step irradiated to 725 krad(GeSe), 810 krad(GeSe) and 
940 krad(GeSe) and no significant change in resistance was observed (approximately 6 
kΩ). In order to determine any post-irradiation room temperature annealing effects, after 
a TID of 940 krad, the devices were left unbiased at room temperature and four 
measurements were taken during 64 hrs interval, and the device resistance levels 
remained in saturation state, as shown in Fig. 14a (0 hrs on the x-axis represent the 
measurements taken soon after irradiation).  
The step-stress irradiations of these saturated and RT annealed devices were 
continued to TIDs of 1.17 Mrad(GeSe), 1.3 Mrad(GeSe), 1.49 Mrad(GeSe) and 1.7 
Mrad(GeSe). Following each of these step stress doses, resistance measurements were 
monitored during total RT annealing intervals (0 h, 12 h, 24 h, 48 h, 64 h). Fig. 14 plots 
the average resistance vs. RT annealing time, measured at various doses. 
The results in Fig. 14 demonstrate that once 5 nm thick Ge-Se devices reach a 
resistance saturation state (Rsat), further step stress irradiation and subsequent RT 
annealing on ‘saturated devices’ causes switching of the resistance response. In the case 
of irradiation of RT anneal devices, the resistance switches from a low (approximately 
103 Ω) to high (107 Ω) level, and in the case of RT anneal of irradiated and saturated 
devices, the resistance switches from a high (107 Ω) to low (approximately 103 Ω) 
resistance level. As shown in Fig. 14, the saturated devices step stressed to a TID of 1.17 
Mrad(GeSe) show a significant change in resistance level was observed, of the order of 
107 Ω, compared to its previous state. Subsequent RT annealing measurements on these 
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devices show that the resistance dropped back to Rsat. The devices were annealed 
(unbiased) at room temperature and four measurements were taken during an interval of 
64 h. After 12 h of annealing interval, the resistance dropped to Rsat and retained this state 
during rest of the annealing measurements. The first annealing measurement was taken 
after 12 h of radiation exposure, and it is more likely that the devices have reached Rsat 
several hours before the first annealing measurement.  
Several cycles of step-stressed irradiation exposures and subsequent annealing 
intervals were performed on these devices in order to study the repeatability of the 
resistance switching behavior between high and low-resistance states, these devices were 
stressed to several cycles of radiation exposures and subsequent annealing intervals and 
the resistance states of each radiation exposure with respect to annealing intervals are 
shown in Fig. 14a. The devices showed similar resistance response characterisitcs as 
shown in Fig. 14a when the probe tips were placed directly on Ag-Ge-Se film (instead of 
placing on Ag electrodes). Fig. 14b shows the resistance levels of Ag electrodes between 
cyclical radiation exposures and subsequent annealing intervals. At a TID of 1.49 Mrad, 
the resistance of the Ag electrodes was of the order of 107 Ω and after 12 h annealing the 
resistance dropped to the order of 101 Ω (~35-80 Ω).  
Dark field optical microscopies were performed in order to study the surface 
morphology of Ag-Ge-Se thin films and Fig. 15a shows the surface morphology of the 
device after a TID of 1.303 Mrad exposure and Fig. 15b shows subsequent 12 h of 
annealing. Fig. 15a show large number of pure silver metallic clusters deposited on the 
surface of irradiated Ag-Ge-Se region. The deposition of Ag nanoparticles on top of ChG 
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during the gamma-ray induced surface deposition (GSD) process is due to the presence of 
excess Ag+ ions inside Ag-rich ChG film that are migrated towards the irradiated surface 
area, because of counter flow of photoexcited holes during the radiation process [17,79]. 
Previous studies have observed photo-induced surface deposition (PSD) phenomenon for 
30-40 at. % of Ag in Ge30Se70 films and electron-beam surface deposition (ESD) on Ag-
rich films on glass substrate, and this phenomenon has found applications in rewritable 
optical recording disks [17]. As a result of discontinuous Ag metallic clusters formed on 
the irradiated region, and leading to decrease in Ag concentration in ChG film, the 
conductivity of previously photodoped ChG film decreases, and therefore increasing the 
resistance of the device, as shown in Fig. 14 a&b (at 0 h).   
Fig. 15b show that the Ag clusters deposited during radiation exposure have 
disappeared after 12 h of annealing, leaving few residues of Ag clusters. The 
disappearance of Ag deposit is due to rediffusion of Ag back into the Ag-Ge-Se thin film 
due to thermal effects. As the solubility of Ag+ ions increases with temperature, 
annealing the device (at room temperature) restores the Ag concentration in the ChG film 
to Rsat, as shown in Fig. 14 a&b (at 12 h). The combination of radiation-induced 
agglomeration and RT annealing effects suggests that the device may work as a 
reprogrammable/reusable radiation sensor  
The gamma irradiation experiments were repeated on 5 nm Ge30Se70, with a TID 
of 1.632 Mrad. The Rth=1.50x109 Ω (Dth=794 krad) and Rsat= 8.36 kΩ. These devices 
showed similar radiation response characteristics and annealing behavior compared with 
5 nm Ge20Se80 devices.  
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(a) 
 
(b) 
Figure 14. Characteristics of reusable sensors: Average resistance as a function of 
annealing time at individual gamma TID’s of  (a) 5 nm Ge20Se80 lateral devices and (b) 
Ag electrodes 
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(a) 
 
(b) 
Figure 15.. Optical microphotographs showing surface morphology of a Ag-Ge-Se device 
(a) at TID of 1.303 Mrad and (b) after 12 h of RT annealing interval. 
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2.4.3  Irradiation on Vertical Devices 
This study has shown that a metal bottom electrode underneath the Ag/Ge-Se 
device can enhance the sensor performance characteristics, i.e. the electrical resistance 
shows linear dependence on the applied dose. Fig 16 shows the dose response curve of 
Ag/Ge30Se70/Ni vertical structure with 100 nm of ChG between the top (35 nm Ag) and 
bottom (100 nm Ni) electrodes. In fact, the vertical resistance (between the Ag top and Ni 
bottom electrodes) increases with increasing dose. This is due to an increase in the 
resistivity of the doped region between the top and bottom electrodes by a reduction in 
Ag concentration even as the area of the doped region between the top and bottom 
electrodes is increased by the lateral diffusion of the Ag. These devices did not show any 
significant change in resistance during annealing intervals. Although resistance of these 
devices increased with increasing dose, it is indicated that the opposite effect can be 
achieved (i.e. decrease of resistance with TID) by fabricating devices with thicker Ag 
electrodes (~150-300 nm). These results show that using metal substrates could improve 
sensor range and resolution.  
Previous studies on photodoping of ChG have shown that depositing ChG on a 
metallic substrate increases the rate of Ag lateral diffusion [17,18]. Since the electronic 
conductivity is low in ChG materials, the electrons can pass laterally through metallic 
substrate and therefore enhancing the reaction rate at Ag and ChG interface. As a result, 
sensor response time can also be improved by having metal cathode with higher 
electronegativity as compared with Ag. 
 
(a) 
 
(b) 
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(a) 
 
(b) 
Figure 16. Vertical devices: Resistance as a function of (a) gamma TID and  (b) total UV 
dose exposure of Ag/Ge30Se70/Ni. 
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2.5  Controlling Sensor Performance Characteristics 
 From UV and gamma irradiation experiments, as shown in fig. 17, the sensor 
performance factors (Dth, Rth, Dsat, Rsat) depends on: ChG thickness, ChG composition, 
Ag thickness, distance between the two electrodes, substrate underneath the device 
(insulator, metal conductors, semiconductors or flexible substrates), electrode 
configuration (bus bars, interdigitated fingers, array or ring electrodes), radiation sources 
(intensity, dose rate), and annealing intervals.  
 
Figure 17. Critical sensor performance parameters 
 
 
The thickness of ChG, 20 nm or less, has shown to be distinguishing parameter 
for the Ag lateral diffusion. Thin 5 nm ChG film has shown to have faster rate of Ag 
lateral diffusion than 20 nm ChG film. The ChG composition has shown to have an effect 
on Ag diffusion rate, increase in the Se content, leads to increase in diffusion rate and 
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higher Ag incorporation. Ag photodissolution was also observed in other ChG materials 
such as Ge-Te, Ge-S, As-S, As-Se, As-Te, As–S–Te and As–Se-Te [14-26,74-79], and 
the maximum lateral diffusion occurs along the composition of lowest density. Studies 
have shown that lateral diffusion in sulfide glasses is much slower than selenide glasses 
[17,77]. As a result of changing the thickness and composition of ChG materials, the 
dynamic range of Dth and Dsat can be varied for different total ion doses. Ag thickness 
determines the amount of Ag dissolved in ChG (hence resistivity) and the distance Ag 
has laterally diffused between the two electrodes, hence influencing the Rth and Rsat of the 
sensor. Ag can be replaced with widely used interconnect metal in the semiconductor 
industry, Cu, as Cu has shown similar photodiffusion results in ChG.  
Lower dose measurements can be achieved by reducing the spacing between two 
adjacent Ag electrodes. The electrodes spacing were fixed at 1 mm, but can easily be 
reduced to much smaller dimensions using conventional lithography techniques (to ‘µm’ 
or ‘nm’ range), thereby lowering Dth.  
2.6 Applications 
The sensor mechanisms presented in this article can be used in personal electronic 
dosimeter [80] as a basis for measuring cumulative exposure to UV or gamma radiation. 
The low-voltage operation, ease of fabrication and inexpensive processing facilities, 
controllable sensor performance characteristics, good retention of resistance levels, thin 
films (does not disturb the beam), mechanical flexibility, small in size, and point dose 
measurements makes the ChG sensors a strong candidate in the field of dosimetry. 
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The ChG film sandwiched between Ag array electrodes and an inert metal 
substrate can be used to collect multiple cumulative 2D distribution of absorbed dose in a 
single irradiation exposure, since both radiation sensitive vertical and lateral Ag diffusion 
has been observed on these vertical structures. Commercially available 2D ionization 
array detectors are expensive, bulky, and disposed to accidental discharge and have poor 
spatial resolution [81]. The Ag-ChG array detectors can provide alternative solution for 
measuring individual quantitative dose measurements at each detector point and generate 
a 2D contour map of dose distributions. Nevertheless Ag-ChG array detector needs 
further research in order to quantify for accuracy and spatial resolution.  
 Vapor-phase deposition and direct patterning of thin-film processing capabilities 
in flexible electronics [82] makes Ag-ChG flexible sensors presented later in this article 
for production of large-area flexible dosimeters. Continuous and low-cost manufacturing 
process such as roll-to-roll printing, using equipment similar to a printing press, makes 
possible to fabricate large detector panels that could have potential application in nuclear 
power and medical dosimetry industry. Ag photodoping in ChG has also been reported 
using e-beams [83,84], X-rays [85] and ion beams [86]. These large area Ag-ChG 
detectors can be used in X-ray diagnostics for obtaining spatial dose information around 
patient’s body. 
The reprogrammable radiation sensor presented in this study can be used in TLD 
dosimeters for measuring cumulative maximum dose exposed at any given interval and 
that can be thermally erased after signal readout. The thermal erase can be accelerated at 
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elevated temperatures, making the sensor reproducible during well-established write and 
erase cycles.  
2.7 Potential Sensor Structure 
Another sensor structure with similar lateral Ag diffusion mechanism is shown in 
fig. 18. The fabrication is similar to the structure described before. Instead of depositing 
thin ChG film and patterning Ag electrodes, here, Ag electrodes are patterned first on the 
glass slide and subsequent patterning of ChG film using the same shadow mask. In case 
of packaging these structures, conventional techniques such as ball bonder and wedge 
bonder might give poor wire bonds, since the adhesive properties between Ag and Al are 
poor and thickness of Ag can also have impact on increased cratering effect. To 
overcome these issues, a dab of electrically conductive silver epoxy paste can be 
manually patterned on Ag pads that act as adhesion medium for Al bonding. Since the Ag 
pads are large (2 mm) conventional soldering technique could also be used.  
 
Figure 18. (a) Cross-sectional view (b) top-view 
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2.8 Finite Element Modeling  
Finite element (FE) simulations were performed with Silvaco’s numerical device 
simulator ATLAS on a two-dimensional structure representative of a lateral sensor 
structure. As shown in fig. 19a, the structure is composed of a ChG film (10 nm thick, 
200 nm wide) sandwiched between silver electrodes (10 nm thick, 350 nm wide). For the 
simulations, the ChG film is modeled as a wide bandgap semiconductor. Material 
constants used for the simulations are: ChG bandgap is 2.5 eV, ChG affinity is 3.45 eV, 
ChG dielectric constant is 5.0, and the silver work function is 4.6 eV [87].  
Key ion transport (oxidation and reduction reactions) equations used in the model 
are: 𝐴𝑔 + ℎ!   → 𝐴𝑔!                                                                      (3) 𝐴𝑔! + 𝑒!   → 𝐴𝑔                                                                      (4) 
 
The electron-hole pair generation rate is defined as, 
 
                                                                                      𝐺!!! ∝   𝜌𝐷𝐸!                                                                                 (5) 
 
where 𝜌 is the density of ChG, 𝐷 is the radiation dose rate, and 𝐸! is the 
ionization energy for electron-hole pairs.  
 
 
 
 41 
 
 
 
(a) 
 
(b) 
Figure 19. Contour plot of two-dimensional finite element simulation structure 
representative of lateral sensors. (a) Figure shows distribution of Ag in ChG at an 
arbitrary fixed dose, D. and (b) after 500D. 
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The ATLAS FE code solves the radiation-induced ion transport and reactions, 
combined with the code’s intrinsic radiation-induced carrier generation capability. Fig. 
19a plots the Ag density distribution within the ChG film after an arbitrary fixed dose, D 
and fig. 19b plots the distribution after 500 D. The figure shows that Ag+ that are 
oxidized at the electrodes drift into ChG film and begin to reduce to neutral Ag with 
increasing total dose. 
 
Figure 20. Evolution of neutral Ag distribution in ChG, with increasing radiation doses. 
Where D is an arbitrary dose. 
 
 Fig. 20 plots the distribution of neutral Ag concentration along the cutline shown 
in fig. 19a. The figure shows that with increasing radiation dose, Ag diffuses into ChG 
film. Increasing radiation dose causes the ChG film to be saturated with higher Ag 
concentration, thereby lowering the resistivity of the ChG film. The increase in neutral 
Ag demonstrates that FE simulations, which include particle (ionic and neutral species) 
transport and reactions, can model photodoping of Ag in ChG film. The ATLAS code is 
attached in the Appendix. 
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2.9 Conclusion 
This chapter demonstrates novel radiation-sensing devices that exhibited a 
significant change in output resistance as a result of radiation-induced diffusion of Ag 
into chalcogenide glasses. Sensor structures with two different compositions (Ge20Se80 
and Ge30Se70), four glass thicknesses (5 nm, 10 nm, 20nm and 100 nm), and three 
different device configurations (glass, Ni-metal and flexible polyimide) that were 
exposed to UV light and 60Co gamma-ray irradiation. The irradiation results indicate that 
thickness and composition of ChG material play major role in the radiation induced Ag 
doping process and in return influence the sensor performance characteristics. Distance 
between the two coplanar Ag electrodes shows linear dependence on Dth of the sensor. 
Fabricating the sensor on a Ni-metal substrate has shown to improve the linear 
dependence of measured output electrical resistance on input applied dose, and as a result 
sensitivity and dynamic range of sensor operation can be significantly enhanced. The 
vertical device offers the possibility of collecting cumulative 2D distribution of absorbed 
dose in a single irradiation exposure, since irradiation sensitive both vertical and lateral 
Ag diffusion has been observed on these vertical structures 
It has also been demonstrated that radiation induced Ag doping is reversible 
through extended irradiation of doped ChG film. The combination of radiation induced 
silver surface agglomeration and subsequent room temperature/thermal annealing of Ag 
clusters in Ag-Ge-Se thin films has demonstrated the devices potential use for reusable 
sensor applications.  
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The results of finite element simulations that incorporate the ion transport 
equations and their reactions with electrons and holes generated during exposures are 
shown to effectively model the silver lateral photodoping in ChG film. The FE simulation 
models the diffusion of Ag concentration profiles within ChG film under radiation doses. 
While work is in progress to improve the accuracy of the simulations through 
adjustments of the simulation parameters and additions to the equation set, the results 
reported here provide strong qualitative evidence that finite element codes can simulate 
ionic transport and subsequent photodoping in ChG films. 
Hence, the ChG sensor presented in this chapter exhibits low-voltage operation, 
ease of fabrication, controllable sensor performance characteristics, good data retention 
and instantaneous readout, and array of point dose measurements. The device is compact 
in size, scalable, and can be easily and inexpensively incorporated into a standard 
integrated circuit process flow, making it a good candidate for the next generation of 
portable, electronic, field dosimeters. 
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3 FLEXIBLE UV RADIATION SENSORS BASED ON SILVER PHOTO-DOPING 
IN GE20SE80 CHALCOGENIDE GLASS 
This chapter extends previous work on chalcogenide glass (ChG) based radiation 
sensors to include the effects of mechanical strain and temperature stress on sensors 
formed on flexible polymer substrate. Fig. 21 shows 5 nm Ge30Se70 devices were 
fabricated directly on a R/Flex 1000 flexible substrate from Rogers Corp., which consists 
of a 25 µm thick polyimide layer on a ~500 µm copper sheet. Figs. 21a&b shows the 
evolution of Ag diffusion before and after 72.09 J/cm2 of UV dose. After 468 J/cm2 of 
UV exposure, the substrate was subjected to tensile stress by bending it around mandrels 
of various diameters (figs. 21c&d) and resistance measurements obtained were in the 
order of ~0.1-0.2 MΩ (at 468 J/cm2).  
 
Figure 21. Flexible lateral sensors: (a) Before, (b) after 72.09 J/cm2 of UV exposure. 
Sample bending around (c) 18 mm, (d) 7 mm diameter under test. 
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 The simple fabrication method developed in this study made it possible to 
fabricate sensor devices on flexible substrates. The low processing temperatures and very 
high elastic modulus of Ge-Se glass makes this material an ideal choice for fabricating on 
flexible substrates. The low hardness values, brittleness factor, Young’s Modulus of Ge-
Se glass are much lower than silicate glasses, as a result, chalcogenide films demonstrate 
more elastic deformation for the same amount of stress than silicate glasses [88-95].  
The test samples were irradiated with UV light as a proxy for ionizing radiation 
and subjected to both tensile and compressive stress, and elevated operating 
temperatures.  Stress and exposure to increased ambient temperature had little effect on 
device resistance. In addition, sensor operation was modeled using COMSOL and these 
simulations are also presented. 
3.1 Device Fabrication and Test Protocol 
The basic sensor fabrication method involves; (1) deposition of a thin ChG film, 
in this case Ge20Se80, on a flexible substrate and (2) formation of soluble Ag electrodes. 
The Ag electrodes supply the metal into the underlying ChG during exposure as well as 
providing the electrical connection to the layer for resistance measurement [1].  The 
Ge20Se80 composition was chosen as Ag diffusion progresses rapidly in this Se-rich 
material. In addition and just as importantly for this application, the low processing 
temperature (detailed below) and very high elastic modulus of the Ge20Se80 base glass 
makes this material an ideal choice for fabricating ChG on flexible substrates. Low 
processing temperature is necessary as most (low cost) polymer substrates cannot 
withstand high temperatures (e.g., over 180°C).  Note that the low hardness values, 
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brittleness factor, hardness, and Young’s modulus of the material are much lower than 
silicate glasses [92,93], and as a result, ChG films demonstrate more elastic deformation 
for the same amount of stress [94]. 
The fabrication sequence was as follows. A 10 nm blanket Ge20Se80 film was 
deposited at room temperature onto a 125 µm thick polyethylene napthalate (PEN) 
substrate at a deposition rate of 0.1 nm/s in a Cressington 308 thermal evaporator. Then, 
Ag was evaporated at room temperature onto the ChG at a rate of 0.1 nm/s using the 
same tool but this time a shadow mask was used to form square arrays of 50 nm thick, 2 
mm diameter circular electrodes with 1 mm spacing.  The complete sensor schematic 
diagram is shown in Fig. 22. 
 
Figure 22. Cross-sectional schematic of the sensor layout. 
 
In order to assess device performance, the test samples were exposed to UV light 
at power density of 2.67 mW/cm2 at a wavelength of 324 nm; 1 h of UV exposure 
corresponds to a total energy absorption density of 9.61 J/cm2. The use of UV light was 
shown in our previous studies to be a simple and convenient substitute for ionizing 
radiation as both induce the dissolution of the metal into the ChG.  Samples were 
irradiated with UV doses up to 57.66 J/cm2 and unexposed control samples were 
monitored for any incidental Ag diffusion during the experimental work.  Resistance 
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measurements were performed using an Agilent 4155B/C Semiconductor Parameter 
Analyzer (SPA) at room temperature. The resistance between two adjacent Ag electrodes 
was monitored for 100 s at 10 mV bias.  The low measurement bias was necessary to 
avoid redox reactions at the electrodes but also demonstrates that these devices do not 
require high voltage for readout. 
The sensor devices were bent around tubes of various radii for 96 h and were later 
re-flattened for electrical measurements. The bending operation is illustrated by the 
photographs in fig. 23.  Resistance measurements were taken before and after bending. 
The tensile stress was obtained by bending the devices outward while the compressive 
stress was obtained by bending them inward. All bending radii (R) are converted to 
percent strain (ε) by 
 
                                                                    𝜀 = 𝑇!"# + 𝑇!"#$2 ∗ 𝑅! ∗ 100                                                            (1) 
 
where 𝑇!"# is the thickness of PEN substrate (125 µm), 𝑇!"#$ is thickness of the 
sensor film (~ 10 nm) and 𝑅! is the bending curvature radius of the substrate [11]. A 
bending radius of 5 mm therefore corresponds to 1.25 % strain. 
The effects of exposure to elevated temperatures on the performance of the 
sensors were investigated to assess how these devices would perform in hot 
environments. Devices exposed to UV and control samples were heated on a hot plate to 
75, 100, 125 and 150 oC for 1 h and resistance between adjacent electrodes was measured 
following the temperature stress.  
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(a) 
 
(b) 
 
Figure 23. Flexible sensor arrays (a) being bent around various diameters and (b) before 
and after UV photo-doping. 
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3.2 Results and Discussion 
As mentioned previously, the simple room temperature fabrication method 
developed in this study and the flexibility of the Ge20Se80 base glass enables the 
manufacture of flexible sensor structures.  However, the performance of the sensor under 
bending stresses should also be assessed to ensure that the materials do not undergo 
major electrical changes.  Fig. 24 shows the change in resistance when the exposed 
device is subjected to parallel and perpendicular stress, both tensile and compressive. For 
all measurements, several sensor samples were bent for 3 h on cylindrical surfaces of 
various radiuses and then probed on a flat surface to measure their resistance. As shown 
in Fig. 24, the ON-state resistance of the device did not show significant degradation and 
falls within the range of resistance values of sensor devices measured before bending (in 
the order of 10 – 12 kΩ).  The slight variation in ON-state resistance could be related to 
ChG thickness, Ag concentration in the ChG, and device dimensional variations.  
Excessive bending strain, caused by bending with < 2 mm radius, induced cracks along 
the sensor electrodes and this increased the device resistance to around 106 Ω.  The 
unexposed samples did not show any Ag diffusion related to bending strain and retained 
their OFF-state resistance (around 1012 Ω).   
 Finally, the effect of elevated operating temperature on sensor characteristics was 
assessed.  Fig. 25 shows the ON-state resistance as a function of temperatures between 
room temperature and 150 °C. Once again, the ON-state resistance falls within the range 
of resistance values of the sensor devices measured before temperature stressing (10 – 12 
kΩ).  Although the OFF-state resistance shows no change with temperature, it is 
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understood that extended high-temperature annealing could cause silver diffusion in the 
ChG. 
 
 
Figure 24. ON-state resistance as a function of applied strain (ε). OFF-state resistance is 
~ 1012 Ω. 
 
 
Figure 25. ON-state resistance as a function of temperature annealing T (oC). OFF-state 
resistance is ~ 1012 Ω 
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3.2.1 COMSOL Modeling  
The lateral diffusion of the Ag in the ChG was modeled using COMSOL and fig. 
26 shows simulations that broadly match the experimental results of fig. 8. Based on the 
images shown in fig. 8, after 2.5 h (24.025 J/cm2) of exposure, the observed diffusion 
distance is approximately 0.5 mm from each of the electrodes. This value was used to 
determine the rate of diffusion as 5.555 x 10-8 m/s. Another quantity required to make the 
simulation accurate was the diffusion coefficient of the silver ions in Ge20Se80 
chalcogenide glass. This value was determined from a literature review [96]. As it is 
commonly known, Ag does not have a constant diffusion coefficient, but this value is 
dependent on the silver concentration within the chalcogenide glass. From ref. [96], the 
diffusion coefficient was seen to be 1.15 x10-11 m2/sec for a Ag concentration of 10 at.% 
Ag and 1.16x10-10 m2/sec for 20 at.% Ag. An approximation was made of source Ag 
concentration at the interface between the silver and the chalcogenide glass film. This is 
an arbitrary number of atoms that will not affect the overall simulation result. Initial 
concentration was assumed to be 1000 mol/m3 . 
The diffusion simulations were performed by applying adjusted Fick’s diffusion 
laws and calculating the diffusion dependence on time/concentration using COMSOL 
simulations. The equation is shown below: 
 
                                                        𝜕𝑐!𝜕𝑡 + ∇ ∙ −𝐷!∇𝑐! + 𝑣 ∙ ∇𝑐! = 0                                      (2) 
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Where c is Ag concentration, i is the value from the previous iteration, D is the 
diffusion coefficient, and v is the velocity of the diffusant.  
After creating the specific device structure, initial conditions were determined 
such that perimeter of the simulation area was always at 0 mol/m3 and all the diffusing 
species is confined within this area. The source of the diffusing species was created such 
that a constant concentration of 1000 mol/m3 is always present around each of the silver 
sources independent of the previous iteration result.  Due to the velocity and diffusion 
coefficient values chosen, the simulation time was similar to the experimental time; the 
entire simulation was went from t=0 to t=23400 seconds with 60 time steps. The results 
in fig. 26 are given for the various time intervals. 
Quantitative simulations were performed where cut lines were made diagonally 
between two Ag electrodes and fig. 27 plots the evolution of normalized neutral Ag 
concentration along this diagonal from the electrode regions where the concentration has 
been normalized to 1.0. The figure shows that with increasing dose, Ag diffuses into the 
ChG film, with a step profile at the Ag/ChG interface. Increasing radiation dose causes 
the ChG film to contain higher quantities of Ag, thereby lowering the resistivity of the 
ChG film between the Ag electrodes.  
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Figure 26. COMSOL simulations modeling the diffusion profile achieved using UV light 
as shown in Fig. 8.   
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Figure 27. Evolution of Ag distribution between electrodes with increasing UV exposure 
time. 
 
3.3 Conclusion 
This work demonstrates flexible radiation-sensing devices that rely upon 
resistance change in Ge20Se80 films as a result of radiation-induced diffusion of Ag into 
the chalcogenide glass.  The sensors were stressed mechanically by bending them inward 
and outward to produce a range of compressive and tensile stresses and were also 
exposed to elevated temperatures to assess their stability.  The OFF- and ON-state 
resistances of the devices did not show significant degradation following mechanical or 
thermal stress although further research is needed to understand the limits of such 
operational trauma. Moreover, these COMSOL simulations of the Ag transport are 
currently being improved by incorporating more sophisticated ion transport equations and 
their reactions with electrons and holes generated during radiation exposure. 
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The results of this study are still promising as they do reveal that we can use very 
simple, low cost fabrication techniques to create a radiation sensor capable of 
withstanding high bending strain without compromising device functionality or structural 
integrity.  The sensors are thin, lightweight, and capable of instantaneous readout with a 
low voltage.  All of these positive factors make this technology a strong candidate in the 
field of electronic radiation dosimetry. 
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4 FAILURE MECHANISMS IN GE30SE70 BASED PMC DEVICES  
4.1 Device Operation 
4.1.1 Switching Characteristics 
The resistive switching behavior in PMC devices is a combination of ionic 
transport in the solid electrolyte and electrochemical redox reactions at the electrodes. 
The PMC devices consist of solid electrolyte solution inserted between an oxidizable 
anode metal such as silver (Ag) or copper (Cu) and an inert cathode metal, e.g., nickel 
(Ni) or tungsten (W). Fig. 28 shows the schematic operation representation of operation 
of PMC devices with doped ChG inserted between active top and bottom electrodes. 
When no bias is applied across the two electrodes, the device remains in high resistance 
OFF-state (>1 GΩ). 
When a positive voltage of few hundred mV is applied between positive anode 
and negative cathode, Ag atoms from the anode get oxidized to form Ag ions (Ag+) and 
begin to migrate towards the cathode under the influence of electric field. At the cathode, 
Ag ions are reduced to form metal atoms at the cathode and thus Ag metal deposit is 
formed at the cathode. This electrodeposit at the cathode grows towards anode as more 
and more Ag ions are reduced. Once the electrodeposit reaches the anode, the device 
switches into a low resistance ON-state (depending on the compliance current set for 
protecting the device), because of a conduction path between anode and cathode.  
To erase the device an erase voltage of a few hundreds of millivolts is applied in 
the opposite polarity. The Ag atoms from the conductive filament get oxidized and drift 
back to the anode under the influence of electric field and get reduced and deposited on 
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the anode, going back to the high resistance OFF-state. Fig. 29 shows the IV 
characteristics of a typical PMC device [1-10]. 
 
 
Figure 28. Schematic representation of operation of PMC devices with doped ChG 
inserted between Ag top and Ni bottom electrodes. 
 
 
Figure 29. Current-voltage (IV) characteristics of a Ag-Ge30Se70 PMC device at 100 nA 
compliance current with a voltage double sweep from -0.2 to 0.2 V. 
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4.1.2 Ion Transport 
The overall filament formation and dissolution process can be outlined as follows:  
(i) Anodic dissolution of metal (M), by the oxidation process: 
M               Mn+ + ne- 
(ii) Migration of the Mn+ cations across the solid electrolyte/insulator under the action 
of the high electric field 
(iii) Reduction of Metal (M) and nucleation of metal on the surface of the inert cathode 
electrode:  
Mn+ + ne-           M 
The ion transport depends on two crucial components in the PMC devices: (1) 
type of solid electrolyte/insulator used, (2) kinetics of the electrode reactions at both the 
electrodes, and the interface between electrode-electrolyte formation [1-10, 52-60]. In 
case of nano-scaled devices, nano-size effects such as increase in chemical potential and 
electrochemical potential due to enhanced surface tension, change in ion transport 
properties and deviation of chemical composition due to increased grain boundaries and 
intrinsic voids and defect concentration are observed. These effects could significantly 
influence the stability of nano filament, ion transport properties, and switching dynamics 
of PMC devices. 
Ion migration in the solid electrolyte is under the influence of electric field. When 
there is no electric field, metal ions occupy the most stable lowest energy level, also 
known as normal energy level. Upon application of an electric filed, activated metal ions 
hop over the potential barrier to move to empty sites, also known as interstitial energy 
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level. The activation energy for solid electrolytes is usually <1eV. Fig. 30 shows the 
application of electric field E, tends to decrease the barrier height, Wa0,  for the ions to 
migrate according to the applied electric field [7]. 
 
Figure 30. Ion conduction mechanism upon application of electric field 
The ion migration in solid electrolyte follows Mott and Gurney model,                                                   𝑖 = 2. 𝑧𝑒. 𝑐.𝑎. 𝑣. 𝑒𝑥𝑝(−!!!!" sinh(!.!".!!!" ))                     (1) 
where ze=cation charge, ν=hopping frequency, c=cation concentration   a=barrier width, 
Wa0=barrier height. 
At the electrode-electrolyte interface, a space charge layer appears, where the 
accumulated surface charge in one phase (metal) is compensated by countercharge in 
other phase (electrolyte). As PMC cells appear in nano-dimensions (10-100 nm), possible 
overlapping of space charge layers occurs and as a result shows significant deviations in 
the thermodynamic properties. The overlapping of space charge layers are crucial as it 
promotes Ag ions motion further toward the cathode, forming the filament. The charge 
transfer rate at anode/electrolyte interface is described by Butler-Volmer equation, 
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                                 𝑖 = 𝑖![exp !.!"!" 𝑉 − exp  (− !!! .!"!" 𝜂  )]                   (2) 
where i0=exchange current density, α=cathodic charge transfer coefficient, ze=cation 
charge, η = potential deviation from the equilibrium voltage.  
Two reactions occur at the cathode, charge transfer across the electrolyte/cathode 
interface and leading to nucleation and growth of the metal atoms.  The charge transfer 
rate at the cathode/electrolyte is also described by Butler-Volmer equation. The cathode 
over-potential determines the nucleation rate of the metal atoms. Below the over-
potential, the nucleation rate is zero and above the rate, the nucleation increases 
exponentially given by eq. 2. 
 
                           (3) 
 
where α=transfer coefficient, ze=ion charge, η=applied potential, Z0 =areal 
density of nucleation sites, Nc= no. of atoms of a critical nucleus 
 At the electrode, the kinetics of the electrode reaction rate depends on the applied 
voltage at the electrodes for charge transfer into the electrolyte and diffusion potential for 
the diffusion of ions towards electrode-electrolyte interface. When there is no external 
energy, the ions occupy the most stable states with the lowest energy. At applied voltage, 
the Fermi level in the metal is shifted and the height of the activation barrier in the space 
charge layer is reduced. As a result, the ions occupy interstitial energy levels by acquiring 
0
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enough energy to overcome the energy gap and this dependence of ion conduction on 
applied voltage is of exponential form. 
4.2 Device Fabrication 
The cross-sectional schematic of a vertical PMC device is shown in fig. 31. The 
device consists of a doped ChG material inserted between oxidizable top electrode and 
inert bottom electrode. In this study Ge30Se70 and Ge40S60 base glass materials, 
photodoped with Ag, have been used as ternary solid electrolyte solution.  
 
Figure 31. Schematic of a PMC device layout. Diameter D defines the active solid 
electrolyte area. 
 
In this study Ni is used as an inert bottom electrode and Ag has been used as 
oxidizable top electrode as it can be easily oxidizable once a voltage/current bias is 
applied. Other metals such as Cu, Ag alloys and Cu alloys can also be used to achieve the 
same effect. The width of the via hole (D) in the dielectric separating the top and bottom 
electrode is the device diameter and several via diameters, 2.5 µm, 5 µm, 10 µm, 100 µm, 
200 µm, 250 µm, 400 µm and 500 µm were fabricated for radiation experiments and 
impedance measurements on PMC devices. Aluminum (Al) has been used as contact pad 
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metal, other metals such as W, TiW, TiN, Pt, Au etc., can also be used. For packaging 
purposes, Au can be deposited on Al, with an adhesion layer such as Cr or TiN.  
 
The PMC device fabrication has been divided into following steps [48-52]: 
1. Substrate preparation 
2. Active area (via) and bottom electrode (cathode) definition 
3. Anode pad definition and PMC stack fabrication 
4. Contact pad definition and fabrication 
Substrate Preparation 
A p-doped Si wafer was rinsed thoroughly in deionized (DI) water and blow-dried 
using N2 jet. Then the sample is loaded into TorrVac VC-320 electron-beam evaporator 
in order to deposit 100 nm of SiO2. Subsequently a 100 nm of Ni (bottom electrode) and 
100 nm of SiO2 (dielectric isolation) are deposited successively without breaking the 
vacuum. 
Active area (via) and bottom electrode (cathode) definition 
Defining active area and bottom electrode involves a lithography step using 
Mask#1 (via mask). About 3-4 ml of hexamethyldisilazane (HMDS), an adhesion 
promoter and AZ 3312 positive photo resist were spun at 3500 rpm for 30 sec. using a 
standard photo resist spinner. This yields a uniform resist film of 1 µm thickness. The 
samples were then soft baked at 100 oC on a hot plate to evaporate off the excess solvent 
from the photoresist. The samples were exposed using the via mask (dark field) in the 
OAI mask aligner for 15 seconds. The ‘via mask’ is used to define the active area of 
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PMC devices and also cathode and typically consists of via (holes) of different 
dimensions. The lamp power is in the range ~10 mW/cm2. The samples were then 
developed in AZ 300 MIF developer for 40 seconds. They were then hard baked on a hot 
plate at 110 0C for 1 minute. The hard bake solidifies the resist to make it a more durable 
protecting layer in the following etching step. Etching was carried out using buffered 
oxide etch (BOE) 20:1 for 30 sec and following the etching, the cathode pads are 
electrically tested for Ni continuity. After the etching process the left over resist on the 
sample is stripped using acetone. 
Anode pad definition and PMC stack fabrication 
This involves a similar lithography process as in the previous step, but this time 
using another mask, mask #2, which exposes anode pad regions and aligns it to the vias 
and the samples, were not hard baked following the photoresist development. Resist is 
not stripped after exposure and developing as the pad patterns on the deposited metal is 
obtained through a lift-off process in the end. The patterns were exposed and developed 
using the same technique as mentioned above. The samples were placed on the rotating 
sample holder in Cressington 308 thermal evaporator and pumped down to approximately 
3x10-6 torr pressure. The solid electrolyte stack, 60 nm Ge30Se70 and 30 nm Ag, was 
deposited and the solid electrolyte was formed after 20 min of photodissolution using 
OAI mask aligner (at 10 mW/cm2). The lift-off process (soaked in acetone) followed the 
anode pad deposition.  
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Contact pad definition and fabrication 
HMDS and AZ4330 was spun for the third stage lithography at 4000 rpm for 30 
sec and the sample was soft baked for 90 sec at 100oC. Mask#3 (contact pad) was used to 
pattern the contact pads that are connected to the PMC stack patterned earlier. The 
samples were exposed using the contact mask (dark field) in the OAI mask aligner for 35 
seconds, subsequently developed in AZ 300 MIF for 1 min. The samples were then 
placed in TorrVac in order to deposit ~800 nm of Al. The lift-off process (soaked in 
acetone) followed the contact pad deposition.  
The PMC fabrication recipe and the dimensions of via sizes are detailed in 
Appendix.  
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Figure 32. PMC fabrication process steps 
 
 
 71 
4.3 Fabrication Results 
A variety of test samples (TS) were fabricated, using the typical process described 
above, in order to address the fabrication issues and optimize the process for radiation 
experiments. Several significant process changes have been made between test samples. 
This section present some of the process issues observed during fabrication stages and 
also present alternate process to resolve manufacturing problems.  
4.3.1 Test Sample #1: Silver agglomeration during fabrication 
Test sample 1 (TS #1) was prepared with thicknesses of 60 nm Ge30Se70 
photodoped with 30 nm of Ag for 20 min (at 10.65 mW/cm2). And a 35 nm Ag anode and 
800 nm Al were overlaid using the process described. The deposition rate of ~0.1 nm/s 
was maintained in all cases. During the fabrication process, after 30 nm of Ag was 
deposited on 60 nm Ge30Se70 without a vacuum break, the large via (100-500 um) devices 
exhibited large metal agglomeration, large clusters of Ag particle formations, only in the 
region where the Ag/ChG stack overlaid on top of Ni bottom inert electrode. The area 
where the Ag/ChG stack overlaid on SiO2, did not show any large Ag based cluster 
formations. As shown in fig. 33, these samples were photodoped for 20 min and did not 
show dissolution of Ag clusters. After patterning of Ag anode and Al contact pad, these 
large via devices were tested and have shown to remain in electrically short-circuited 
state i.e. these devices cannot be turned OFF, even after large negative voltage/current 
biases. No switching behavior has been observed on these devices and as a result these 
devices are treated as permanent failure. This might be due to Ag agglomeration at the 
via sidewalls, resulting a Ag contact between anode and cathode. Exposure to gamma 
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radiation has also been performed on these large devices and is discussed in radiation 
results section. 
 
 
(a)                                                                               (b) 
 
(c) 
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(d) 
Figure 33. Optical microphotograph of a 500x500 um TS #1 PMC device (a) bright-field 
(b) dark-field (c) and (d) FESEM micrograph of Ag agglomerates. In (a), the figure 
shows Ag-rich area (dark spots), Ag-poor area (bright area surrounding dark spots) and 
Ag doped ChG. 
EDAX (Energy Dispersive X-ray microanalysis): 
In order to study the film composition of the Ag agglomeration, energy dispersive 
x-ray analysis (EDAX) was performed in a field emission scanning electron microscope 
(XL30 FESEM).  Figs. 34, 35, and 36 shows the elemental mapping analysis of Ag 
agglomerates obtained using EDS analysis. The results indicate that Ag migrates over the 
backbone of GeSe and forms Ag hillocks, the diameters of which are approximately 10 
um range. The Ag migration results in voids, that exposes the underlying ChG, therefore 
creating Ag-rich and Ag-poor areas on the ChG film. The spatial distribution of Ge and 
Se suggests that the ChG is distributed equally, although further research is required for 
understanding the role of ChG and oxygen on Ag agglomeration. 
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Figure 34. EDS elemental mapping analysis of Ag agglomerates.  
 
 
Figure 35. EDS spectrum ox a Ag agglomerate. The cross mark in the inset FESEM 
micrograph indicates the measurement point for film composition. Table shows the 
composition of Ag-GeSe. 
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Figure 36. EDS elemental mapping analysis of Ag agglomerate.  
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(a)                     (b) 
 
(c)                     (d) 
 
(e)                     (f) 
 
Figure 37. Silver surface deposition: SEM micrographs (at 15 keV) show silver 
depositing on PMC via. (a) before e-beam exposure, (b) after 3 min., (c) after 5 min, (d) 
after 8 min of e-beam exposure, and (e) and (f) before and after 8 min of exposures.  
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4.3.2 Test Sample #2: 
TS #2 was prepared with thicknesses of 50 nm Ge30Se70 photodoped with 30 nm 
of Ag for 20 min (at 10.65 mW/cm2) and no Ag anode and Al pads were deposited on 
this sample. As shown in fig. 38, the large via devices showed similar large cluster of Ag 
formation as compared with TS #1. In case of small via devices, 30 nm of Ag will leave 
thin layer of metallic silver  (< 5-10 nm) on the surface of a 50 nm thick layer of Ge30Se70 
after photodoping is complete. The excess silver helps to ensure that saturation of the 
chalcogenide occurs and also acts as an anode for electrical probing. 
After the fabrication, the small via devices has showed stable resistance switching 
characteristics, however, aging after several weeks has caused the loss of continuity of 
the Ag anode (possibly due to Ag diffusion and agglomeration), which led these devices 
to be in electrically open circuited state and resulted in permanent failure of switching 
behavior.  
 
(a) 
 
(b) 
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(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 38. Optical microphotograph of a: 500x500 um TS #2 PMC device (a) bright-field 
(b) dark-field, 10x10 um TS #2 PMC device (c) bright-field (d) dark-field and, control 
sample of a 10x10 um TS #2 PMC device (e) bright-field (f) dark-field. 
 
4.3.3  Test Sample #3: Radiation-induced silver agglomeration in Ge30Se70 
PMC devices 
TS#1 and TS#2 devices were exposed to irradiation. A maximum total ionizing 
dose (TID) of 11.5 Mrad (Ge30Se70) has been reached on several devices with three 
different via sizes (2.5 µm, 5 µm, 10 µm). Exposures were conducted at room 
temperature and samples were left floating during exposure (i.e. no bias applied during 
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exposure). The PMC devices before gamma radiation exhibited initial OFF state 
resistance at 20 mV are higher than 3 kΩ, whereas the ON state resistance is close to 150 Ω. Fig. 39 shows the average ON and OFF resistances for a 2.5x2.5 um, 5x5 um, and 
10x10 um device as a function of total no. of hours the devices were exposed. These 
devices showed switching behavior, with differentiable ON and OFF-state resistances, for 
a TID up to 4.53 Mrad (Ge30Se70), i.e. 133 h of gamma exposure.  
 
 
(a) 
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(b) 
 
(c) 
Figure 39. ON and OFF resistance as a function of exposure time of a (a) 2.5x2.5 um 
device exposed (b) 5x5 um device (c) 10x10 um device to a TID of 11.5 Mrad (Ge30Se70) 
[from ref. 31] 
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The small via devices showed stable resistance switching characteristics. These 
devices were exposed to 60Co gamma rays and showed significant degradation and failure 
in the resistance switching response at higher dose levels. The 60Co gamma ray exposure 
studies [31] on Ge30Se70 based PMC elements demonstrated resistance switching 
response for a TID up to 4.53 Mrad(Ge30Se70). Fig. 40a shows a 10 um via diameter PMC 
device that was not exposed to gamma radiation and figs. 40b,c&d shows device exposed 
to radiation. Fig. 40 and 41 shows the radiation-induced Ag agglomeration (bright spots) 
on the surface of the ChG. As a result of Ag surface agglomeration, loss of anode 
continuity led to a permanent open circuit state and thereby resulted in permanent failure. 
 
(a)        (b) 
 
(c)        (d) 
 
Figure 40. Radiation-induced agglomeration: Optical microphotograph of TS #2 PMC 
device, (a) 10 um via diameter control sample, (b) & (c) exposed to 60Co gamma-rays, 
and (d) 2.5 um via diameter exposed to 60Co gamma-rays. 
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Figure 41. Radiation-induced agglomeration: Optical microphotograph of various TS #1 
PMC via diameter exposed to 60Co gamma-rays for TID up to 4.53 Mrad(Ge30Se70). 
 
4.3.4 Test Sample #4: Suppression of fabrication and radiation-induced silver 
agglomeration 
TS #4 devices were fabricated in order to reduce the Ag agglomeration caused 
either during fabrication or by exposure to gamma radiation. TS #4 have a fabrication 
process similar to TS #1 but the critical differences are the Ag deposition rate, 
photodoping time, and use of thermal annealing. 
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During fabrication 30 nm of Ag was deposited on 60 nm Ge30Se70 but the silver 
deposition rate was increased to >1 nm/s, as compared to ~0.1 nm/s for TS #1. As a 
result, the devices did not show any Ag cluster formations. These devices were then 
photodoped for one additional hour at 10.65 mW/cm2 in order to ensure the Ag is 
completely saturated in the ChG. Previous studies have shown that when thin films of 
Ge-Se were exposed to UV light in air, a thin layer of GeOx formed on top of the ChG 
film. In this study, because of the extended photodoping time, it is possible that a thin 
layer of GeOx has formed on the doped Ge30Se70 film and could act as a diffusion 
barrier/buffer layer for the Ag anode. A thermal annealing step, 120 oC for 20 min, was 
performed after the devices were fabricated in order to relax the Ag-ChG matrix and 
stabilize the devices for reliable switching performance. As a result of these improved 
fabrication steps, Ag agglomeration is not observed and both small and large via devices 
exhibit stable resistance switching characteristics. 
In order to study radiation-induced Ag agglomeration and any associated failures 
in device switching performance, TS #3 devices with 100 nm thick Ag anode were 
fabricated and were irradiated up to a TID of 9.44 Mrad. Fig. 42a shows an SEM image 
of a 10 um via control device before gamma-ray exposure and fig. 42b shows a 10 um via 
device after a TID of 9.44 Mrad.  
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(a)                                                        (b) 
Figure 42. Top view SEM image of a 10 um diameter via of a TS#3 PMC device, (a) 
control sample, and (b) exposed to 60Co gamma-rays, after TID of 9.44 Mrad(Ge30Se70) 
 
The SEM analysis demonstrates that the radiation causes an increase in Ag grain 
size, resulting in a change in roughness and/or a change in composition of the silver 
surface layer. Although an obvious change in morphology is observed on samples 
exposed to radiation, these devices did not show similar Ag agglomeration as reported in 
TS #1 & #2.  
In order to characterize the switching behavior of the devices as a function of 
TID, several quantities can be extracted from the current-voltage characteristics. In this 
work, we focus on the ON-state and OFF-state resistances extracted at +50 mV from the 
I-V characteristics, and their evolution due to exposure. The PMC devices were irradiated 
in the OFF-state and five successive voltage double sweeps were performed on them 
before and after TID exposures. 
Fig. 43 plots the cumulative distribution of the ON and OFF-state resistances of 
10 um diameter devices. The average ON-state resistance of the devices is on the order of 
103 - 104 Ω and the OFF-state resistance is in the order of > 106 -109 Ω before and after a 
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TID of 9.44 Mrad. The OFF-state resistance was shown to decrease at higher TID, 
indicating that Ag incorporation in the ChG is increasing at higher TID levels and as a 
result, OFF-state leakage current is increased.  
In order to further investigate the effect of irradiation on Ag surface 
agglomeration, impedance spectra were used to construct cole-cole plots on devices in 
the OFF-state. Fig. 44 shows the impedance spectra of a 400 um via device showing both 
measured and fitted characteristics. The equivalent circuit, as shown in the inset, can be 
modeled as a passive RC network composed of a contact resistance in series with parallel 
RC element.   
 
 
Figure 43. Cumulative distributions of ON and OFF-state resistances of 10x10 µm via 
size PMC devices (TS #3) at various total-ionizing doses. The silver anode is 100 nm 
thick. 
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Figure 44. Cole-cole plot of a 400 um via PMC device showing measured data and fitting 
characteristics. Inset shows single parallel R-C circuit modeled to fit the experimental 
data. 
 
The R & C element values are extracted and fitted to the impedance data. The 
relative standard deviations for the fits are on the order of 1%.  The contact resistance 
was less than 100 Ω. Fig. 45 and 46 plots the average values for C and R of PMC devices 
before and after irradiation as a function of via area. 
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Figure 45. Extracted average capacitance values of PMC devices before (control) and 
after irradiation (9.44 Mrad(Ge30Se70)) as a function of via area 
 
 
Figure 46. Extracted average resistance values of PMC devices before (control) and after 
irradiation (9.44 Mrad(Ge30Se70)) as a function of via area. 
 
 
 
 88 
It can be seen from fig. 45, that capacitance increases linearly with device area, 
suggesting a uniform Ag distribution in the ChG before and after irradiation, and hence 
uniformity in the dielectric properties. The 9.44 Mrad sample shows slightly reduced 
capacitance values, although this could be related to thickness variation between test 
chips. The approximate calculation for capacitance per unit area for PMC devices before 
radiation (control) is 47.2 nF/mm2, and after 9.44 Mrad is 44.4 nF/mm2. Although no 
significant change in dielectric properties of the irradiated devices are observed, room 
temperature annealing of irradiated devices could play a role in relaxing the dielectric 
properties of Ag-ChG host matrix.   
The resistance values decrease with increasing area, as shown in fig. 46. Although 
no significant resistance change between control and irradiated 100 um diameter PMC 
devices is seen, significant resistance variation between control (~105 Ω) and irradiated 
(~103 Ω) 500 um diameter devices is observed. The decrease in resistance, or resistivity, 
of irradiated device suggests a more uniform Ag photo-doping in the ChG occurs. As 
resistivity of ChG depends on Ag concentration [14-26], higher Ag concentration reduces 
the resistivity of ChG film and increase the off-state leakage current in PMC devices, 
agreeing with the OFF-state resistance values shown in fig. 45.  
4.3.5 Test Sample #4: Bi-layer PMC device 
The fabrication process developed for TS#4 has also lead to formation of ChG bi-
layers in Ge30Se70 PMC devices. Fig. 47 shows the TEM cross-section of a PMC via 
stack and fig. 48a shows the magnified view of ChG-Ni interface and fig. 48 shows EDS 
atomic profiles along the device.  
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Figure 47. Cross-section TEM image of a Ge30Se70 PMC via using high angular dark 
field [from ref. 97] 
 
 
  
(a)                     (b) 
Figure 48. (a) Magnified view of TEM image shows the presence of two layers (one 
lighter and another darker) within the chalcogenide (ChG) and (b) Atomic profiles of Ge 
(red), Se(green), Ag(dark blue) and Ni(light blue) along the PMC via. The thickness of 
the undoped-chalcogenide layer can be approximately 5 nm [from ref. 97]. 
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The observed impedance spectra [97], in OFF-state, on these devices can be 
modeled as a passive RC network composed of a contact resistance in series with two 
parallel RC configurations. The resistance of undoped ChG layer is measured nearly to be 
100 times greater than photo-doped layer and the capacitance of undoped layer is 
calculated to be approximately 4.6µF/cm2, with calculated relative permittivity of 26. 
4.4 Discussion 
Agglomeration is a process in which a continuous thin film becomes 
morphologically unstable and nucleates into hillocks and voids, resulting in the formation 
of a discontinuous film due to enhanced surface diffusion of atoms. Since agglomeration 
is a mass transport mechanism, the agglomeration in the case of PMC devices is not only 
seen on the surface of the ChG, but also inside the ChG material where the Ag is also 
mobile. This results in (1) formation of a discontinuous Ag film on the surface of the 
ChG and eventual loss of anode continuity and (2) an electrically short-circuited device 
due to Ag agglomeration inside the solid electrolyte layer.  
In order to study the physical mechanisms of radiation-induced Ag agglomeration 
in PMC devices, thin films, consisting of, ChG (300 nm) / Ag (50 nm) / ChG (100 nm) / 
SiO2, were fabricated and exposed to gamma radiation. Fig. 49 shows the FESEM 
micrographs for irradiated thin film samples at various TID levels. Table 2 presents the 
measured silver grain size and surface roughness of thin film samples at various TID 
levels.  
Fig. 49a shows large Ag clusters deposited on the surface of the samples after a 
TID of 1.58 Mrad. The average grain size of the Ag clusters was around 830 nm, and no 
 91 
indication of smaller Ag particles, resembling those in fig. 49b, are seen between large 
clusters. Samples irradiated to a TID of 7.59 Mrad show an increase in large Ag clusters, 
~ 960 nm, and further increase in formation of small Ag clusters on the film surface was 
also observed. These large Ag clusters reduced their size after a TID of 14.82 Mrad, as 
well as the small clusters. 
Surface roughness of the samples was measured from AFM images and Table 2 
shows variation in surface roughness at various TID levels. The surface roughness is high 
at 1.58 Mrad and decreases with an increased exposure of 7.59 Mrad. The decrease in 
surface roughness (~205 nm) is due to an increase in surface deposition of small Ag 
clusters.  
 
(a)             (b) 
 
(c)             (d) 
 
(e)             (f) 
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(g)                                        (h) 
 
Figure 49. Surface morphology: FESEM micrograph and AFM images of 
ChG/Ag/ChG/SiO2 thin films irradiated at (a),(e) 1.58 Mrad, (b),(f) 3.19 Mrad, (c),(g) 
7.59 Mrad, and (d),(h) 14.82 Mrad. Figure shows evolution of morphology of Ag clusters 
depositing on the surface of ChG.  The composition in this case is Ge37Se63 (from 
Mahesh Ailavajhala, Boise State Univ.) 
 
Radiation Dose 
(Mrad) Silver Grain Size (nm) Surface Roughness (nm) 
1.58 832.7 762 
3.19 870.9 663 
7.59 959.4 205 
14.82 922.7 586 
 
TABLE 2: Measured Silver Grain Size and Surface Roughness 
 
 
However, after 14.82 Mrad, there is an increase in surface roughness (~586 nm). 
This is due to a decrease in the size of clusters as a result of diffusion of small Ag clusters 
back into the ChG, as was confirmed by SEM and AFM analysis.    
In general, radiation effects in PMC test samples could fall into four categories; 
(1) radiation-induced photo-doping in the ChG, (2) radiation-induced surface deposition 
on the ChG, (3) loss of Ag anode continuity/uniformity, and (4) change in ChG 
composition and structure. 
In the case of the photo-doping of Ag in ChG, 60Co gamma radiation creates 
charged defects in the ChG and the photocarriers absorbed at the Ag-ChG junction cause 
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the diffusion of the Ag into the glass, as depicted in Fig. 50. The presumed mechanism is 
that the Ag metal traps holes and the junction potential causes electrons to move deeper 
into the ChG film and become trapped there. The electrochemical potential formed 
between positively charged Ag+ ions and negatively charged chalcogen atoms causes the 
penetration of the Ag into the ChG. Further light illumination at the interface of the 
newly formed doped/undoped region causes Ag+ to overcome the energy barrier and 
become incorporated into the undoped ChG, thereby enabling movement of the interface 
into the undoped region until the light source is removed or the Ag supply is exhausted. 
 
Figure 50. Schematic representation of radiation-induced photo-doping and photo-
deposition (surface) in Ag/ChG films 
 
Radiation-induced surface deposition observed in doped ChG films is due to the 
presence of Ag+ ions inside Ag-rich ChG film that migrate towards the irradiated surface 
area because of counter flow of photoexcited holes into the ChG during the radiation 
process [17,18]. The buildup of negative charge from the slower moving electrons on the 
irradiated surface (possibly due to surface defects) causes the reduction of Ag+ to neutral 
Ag. Previous studies have observed photo-induced surface deposition (PSD) phenomenon 
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for 30-40 at. % of Ag in Ge30Se70 films and electron-beam surface deposition (ESD) on 
Ag-rich films on glass substrates  [17]. 
The surface deposited Ag clusters grow with radiation because of reduction of the 
Ag, which deposits on the nucleated particles. The surface free energy could also play 
significant role as the surface free energy of agglomerated Ag particles decreases with 
increase in particle size. The resulting Ag cluster size and density reflects the electron 
distribution, as determined by the electric field distribution on the irradiated surface area.  
Whereas the Ag atom surface distribution is determined by the Ag+ flux inside the ChG, 
as shown in figs. 49a,b&c. The increase in surface roughness in fig. 49d is due to 
inversion of the electric field caused at the interface between heavily deposited Ag 
clusters and Ag-poor ChG, leading to a radiation-induced photo-doping process.   
As a result of radiation-induced Ag surface agglomeration and subsequent loss of 
anode continuity, TS #2 devices are in the electrically open circuit state. Depositing a 
thick Ag anode (~100 nm), in case of TS #3, has reduced Ag deposition and 
agglomeration, as the deposition of a metal passivation layer has reduced Ag surface 
deposition in previous studies [17]. The role of extended UV photo-doping time ensures 
the ChG is saturated with Ag and thermal annealing can mitigate radiation effects on 
devices. Further investigation on radiation effects on Ag grain size and its effect on sheet 
resistance or conductivity of the Ag anode is needed.  
In case of TS #1, fabrication-induced Ag agglomeration at the Ag/ChG interface 
in PMC devices depends on: (1) Ag deposition rate, (2) thickness of Ag, (3) photodoping 
time (and ambient) [20], (4) composition of backbone ChG, and (5) layer beneath ChG. 
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SEM and EDS results indicate that the agglomeration of Ag is most likely caused by 
dewetting of the thermodynamically unstable thin Ag film and subsequent surface 
diffusion and agglomeration of Ag. The void area surrounding the Ag hillocks suggests 
that the agglomeration is due to minimization of the surface energy configuration.  
Therefore surface diffusion dominant migration of Ag could be due to local gradients 
such as compositional or chemical or microstructural inhomogeneity in the ChG film and 
film thickness variations. 
During the Ag deposition process, the rate of Ag deposition could influence the 
rate of Ag diffusion at the ChG interface and the rate of formation and growth of Ag 
crystalline phases at that interface. Silver diffusion in ChG is a known phenomenon, 
activated by UV light, temperature annealing [14], e-beam [17], and gamma rays [27-31].  
Results presented above suggest that Ag diffusion into thin films of Ge30Se70 is initiated 
during the Ag deposition step. During the Ag deposition stage, if the rate of Ag diffusion 
into ChG occurs more rapidly than the deposition rate of Ag, a thin Ag layer is formed on 
the surface of Ge layer. As a result of thin thermodynamically unstable Ag film, 
dewetting of Ag and subsequent agglomeration in order to minimizing free energy 
occurs, as observed in TS #1.  
The temperature at which the deposition occurs (the temperature inside the 
deposition chamber) could also influence the thermal stability of thin Ag films deposited 
on the ChG layer. Previous studies [14] have shown that thermal annealing (and ambient) 
could influence the rate and size of cluster formations, due to an increase in thermal 
vibration and the low activation energies of Ag atoms. Thickness of Ag has also shown to 
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have influence on Ag agglomeration, as thicker Ag films shown to have reduced or no Ag 
agglomeration. 
4.5 Conclusion 
This chapter investigates the suppression mechanisms for formation of silver 
surface deposition and subsequent agglomeration (induced either by 60Co gamma-rays or 
during fabrication process) that have caused permanent failure of PMC resistance 
switching operation. These shortcomings have been addressed by tuning critical 
fabrication parameters such as Ag deposition rate, photo-doping time, thickness of Ag 
anode, and thermal annealing.  As a result, TID (60Co) testing on these devices has shown 
that the resistance switching response is preserved up to a TID of 10 Mrad(Ge30Se70), 
more than twice improvement in radiation tolerance compared to TS #1,2, and 3 results 
[8].  
Electrical measurements (DC and impedance) before and after TID testing on 
PMC devices show decrease in OFF-state resistance at higher radiation doses, suggesting 
increase in Ag incorporation in ChG. The observed silver surface agglomeration process 
in PMC devices is explained by consideration of ChG/Ag/ChG structure exposed to 60Co 
gamma rays. The SEM and AFM results on the structure establish that radiation-induced 
agglomeration is caused by Ag photo-deposition on Ag-rich ChG film, activated by 
internal electric fields, where carrier generation and Ag agglomeration at the surface limit 
the photo-deposition process. 
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TABLE 3: Comparison of critical fabrication parameters  
 
 
 TS #1 TS #2 TS #4 
Ni Cathode 100 nm 100 nm 100 nm 
SiO2 Dielectric 
Via etching 
100 nm 
Dry etch 
100 nm 
Wet etch 
100 nm 
Wet etch 
Ge30Se70 60 nm @0.1 nm/s 50 nm @ 0.1nm/s 60 nm @ 0.1 nm/s 
Ag for photodoping 30 nm @ 0.1 nm/s 30 nm @ 0.1 nm/s 30 nm  @ >1 nm/s 
UV Time 
@ 10.65 mW/cm2 20 min 20 min 1 h 
Ag Anode 35 nm @ 0.1 nm/s - 35 nm @ >1 nm/s 
Al pad 200 nm - 800 nm 
Annealing No No 
20 min, 120o C 
(Oven) 
 
Large Ag based 
cluster formations Yes Yes No 
Large Vias (100, 
200, 250, 400, 500 
um) 
Not functional 
(short circuited) 
Not functional 
(short circuited) Functional 
Small Vias (2.5, 5, 
10 um) 
Functional; 
increased leakage 
current during 
voltage cycles 
Functional, less 
leakage. Open 
circuited after 
several weeks. 
Functional 
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5 TOTAL IONIZING DOSE TOLERANCE OF AG-GE40S60 BASED PROGRAMMABLE 
METALLIZATION CELLS 
 
The silver-germanium sulfide (Ag-Ge-S) electrolyte system presented in this 
chapter is different from the silver-germanium selenide (Ag-Ge-Se) material studied in 
chapter 4. With regard to device performance comparison, the Ag-Ge-S electrolyte 
system has a higher OFF-ON ratio (by several orders of magnitude) and produces more 
stable resistance states than the Ag-Ge-Se system. The turn-on voltage is also higher for 
sulfides (VON ~ 500 mV) [42], therefore providing better noise margins for read, write 
and erase operations compared with the Ag-Ge-Se system (VON ~200 mV). The selenide 
electrolytes exhibit stable processing temperatures up to 200 °C and operating 
temperatures as high as 110 °C, whereas the sulfide variants are capable of withstanding 
processing temperatures beyond 400 0C and will operate above 150 °C with reliable 
switching characteristics. Therefore, the Ag-Ge-S system is capable of withstanding the 
relatively high back-end-of-line (BEOL) processing temperatures found in conventional 
silicon processing lines. Currently Ag-Ge-S CBRAM based 1Mb EEPROM/Flash circuits 
fabricated using standard 130 nm logic CMOS process are commercially available 
[59,60].  
With regards to structural differences, the smaller S atom, shorter interatomic 
distances, and the lower level of polymerization of the structure cause the Ge-S glass to 
have a more close packed structure compared to Ge-Se. After the Ag photo-dissolution in 
Ge-S, the hosting Ge-S backbone becomes rigid and Ge-rich, because of the formation of 
 99 
diffusion products such as Ag2S and Ag2GeS3 [14]-[26]. Higher activation energy is 
required for Ag+ ion mobility in Ag-Ge-S compared to that of Ag-Ge-Se system, as the 
former offers narrower channels for the diffused ions.  
Fig. 51 shows the IV characteristics of a 100 nm thick Ag anode on a Ag-doped 
Ge40S60 PMC element. The arrows indicate the direction of the DC voltage sweeps 
applied to the device. The voltage is applied to the anode, while the cathode is fixed at 
0V. The PMC is initially in the high resistance OFF-state (point (1) & (2)). By increasing 
the potential applied across the device, the oxidation and transport processes of silver 
ions are triggered, leading to a resistance switching at an applied voltage close to 600 mV 
(point (3)). At this point, the element switches to the low resistance ON-state, and the 
current flowing through the device increases. The maximum current allowed to flow 
through the device is limited, so the current remains constant from point (4) to (5) on the 
plot. When the voltage applied to the device decreases, and once the current flowing 
through the PMC is lower than the fixed limited current (100 µA in this case), the low 
resistance state (LRS) of the device can be observed (point (6)). When the voltage is 
further decreased, the resistance state of the PMC is switched from the ON-state back to 
the OFF-state (point (7) and (1)). 
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Figure 51. Current-voltage (IV) characteristics of a Ge40S60 PMC element at 100 µA 
compliance current and with a voltage double sweep from –1 to 1 V. ROFF and RON 
indicates the resistances extracted at 100 mV. 
 
In this chapter, the effects of 60Co gamma radiation exposures on Ag-doped 
Ge40S60 based PMC elements are investigated in order to assess whether ionizing 
radiation has an impact on the resistance switching response of these devices. PMC 
devices with two different Ag anode thicknesses (35 nm and 100 nm) were irradiated up 
to a TID of 10 Mrad(Ge40S60) to assess their tolerance to high dose radiation. 
Two different test chips were fabricated in order to study gamma radiation-
induced Ag surface agglomeration, which can lead to permanent device failure (either 
open-circuit or short-circuit failures). Test chip 1 (TC#1) had a 100 nm thick Ag anode 
and test chip 2 (TC#2) had a 35 nm thick Ag anode.  
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5.1.1 Radiation Testing Protocol 
The via hole width (D) in the dielectric separating the top and bottom electrode 
defines the device diameter. The test chips have via size of 5x5 um, and an average of 20 
elements were tested before and after irradiation. A set of PMC elements were irradiated 
with 60Co gamma-rays at a dose-rate of 11 rad(Ge40S60)/s in a Gammacell 220 irradiator. 
Exposures were conducted at room temperature and samples were left floating during 
exposure. PMC elements were incrementally exposed to a maximum total ionizing dose 
(TID) of 10 Mrad(Ge40S60) and electrical characterizations were performed at several 
stress dose levels in order to retrieve the evolution of the switching characteristics with 
increasing dose. 
Quasi-static DC electrical measurements were performed using an Agilent 4155 
B/C Semiconductor Parameter Analyzer (SPA) at room temperature. The voltage 
between the electrodes is swept from –1 V to 1 V, and the varying voltage is applied on 
the active electrode of the PMCs, while the inert electrode is fixed at 0 V. In this work, 
the maximal current flowing through the device has been limited to 10 µA (also referred 
as “compliance current”). Current-voltage (I-V) measurements were performed prior to 
and shortly after the irradiations. 
Optical microscopy was performed using a Zeiss Axiophot Microscope. Bright-
field images were taken in order to study the evolution of surface morphology of PMC 
elements and silver anode following gamma irradiation tests.  
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5.1.2 Experimental Results and Discussion 
In order to characterize the switching behavior of the PMC element as a function 
of TID, several quantities can be extracted from the current-voltage characteristics as 
shown in fig. 51. In this work, we focus on the ON-state and OFF-state resistances 
extracted at +100 to +150 mV (as VON > 0.6 V) respectively on the I-V characteristics, 
and their evolution for exposed and control samples, as highlighted in fig 51. The PMC 
elements were irradiated in the OFF-state and five successive voltage double sweeps 
were performed on elements before and after TID exposures.  
Figs. 52 and 53 plot the cumulative distribution of the ON and OFF-state 
resistances of the PMC elements with 100 nm and 35 nm thick silver anodes (i.e., test 
chips 1 and 2). A minimum of 20 PMC elements (5 µm via diameter) were tested before 
and after each dose interval.  
 
 
 
 103 
 
Figure 52. Test chip 1 (i.e., 100 nm thick silver anode): Cumulative distributions of ON 
and OFF-state resistances of 5x5 µm2 via size PMC elements at various TID.  
 
 
Figure 53. Test chip 2 (i.e., 35 nm thick silver anode): Cumulative distributions of ON 
and OFF-state resistances of 5x5 µm via size PMC elements at various TID. The doses 
are ChG equivalent. 
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The average ON-state resistances of the PMC elements on both test chips are on 
the order of 104 Ω and the OFF-state resistances are in the order of > 108-1010 Ω before 
and after a TID of 10 Mrad(Ge40S60). Comparing figs. 52 and 53, the OFF-state 
resistances shift slightly upwards after a TID of 10 Mrad(Ge40S60); at this dose, the OFF-
state resistances lie between 109-1010 Ω, as compared to around 109 Ω for lower doses. In 
the control and pre-radiated PMC devices, the variations in resistance distribution of both 
OFF and ON-state are thought to be due to voltage cycling and element-to-element 
variation. 
 Fig. 54 shows the dependence of ON-state resistance (RON) vs. programming 
current (IPR) before exposure and after step-stress to a TID of 10 Mrad (Ge40S60) on test 
chips 1 & 2 with 5 µm via diameter PMC devices.  The decrease of RON with IPR is 
attributed to the radial growth of the conductive filament, since the conductive filament 
formed with a high programming current is thought to be thicker (comprising more 
silver) than one written with a lower programming current [43, 53, 57, 58]. RON as a 
function of IPR is little changed with 60Co irradiation to a TID of 10 Mrad(Ge40S60) 
demonstrating the radiation tolerance of the multi-level cell (MLC) capabilities of PMC 
devices. 
The optical microphotographs in figs. 55&57 and 56&58 illustrate the evolution 
of silver layer (i.e., anode) surface morphology of the PMC elements with 100 nm and 35 
nm thick silver anodes, respectively (i.e., test chips 1 and 2), at various TID levels. And 
fig. 59 shows SEM images of a 5 um via control device before gamma-ray exposure and 
after a TID of 10 Mrad(Ge40S60).  The SEM analysis demonstrates that the radiation 
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causes an increase in Ag grain size, resulting in a change in roughness and/or a change in 
composition of the silver surface layer. Fig 55a shows a 5 µm via, with an aluminum 
contact overlaid on the silver anode. Figs. 55&57 and 56&58 suggest that the radiation 
causes changes in roughness and/or a change in composition of the electrode layer. One 
of the possible causes for this change in roughness is due to silver surface agglomeration. 
The 100 nm thick test chips have lower observed silver surface roughness/discoloration at 
10 Mrad(Ge40S60), as the thicker silver layer will likely reduce radiation-induced silver 
surface agglomeration.  
 
Figure 54. ON-state resistance (RON) as a function of programming current (IPR) 
measured on control devices and devices exposed to TID of 10 Mrad (Ge40S60). The 
doses are ChG equivalent. 
 
The resistance shift development after a TID of 10 Mrad(Ge40S60) could be related 
to the observed change in anode roughness/agglomeration due to silver surface deposition 
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[17]. The reduction in at. % of Ag concentration in ChG due to radiation-induced Ag 
surface deposition could lead to increase in OFF-state resistance [17].  
Generally, the failure modes in PMC elements can be classified as: (a) permanent 
short-circuit failure, where the element remains in low-resistance state (~10-100 Ω) and 
cannot be restored to normal device operation, (b) temporary short-circuit, where a “hard-
erase” is required to restore the elements back to normal device operation, and (c) 
permanent open-circuit failure, where the element remains in high-resistance state (~106-
109 Ω) and cannot be restored to normal device operation. Preliminary studies on 
Ge30Se70 based PMC elements [31] have shown that after a TID of 4.5 Mrad(Ge30Se70), 
irradiation caused loss of silver anode continuity, due to Ag agglomeration (and/or 
surface deposition) [17], which causes the device to be permanently fail in a high 
resistance state in the order of ~108 Ω. Although the Ag-Ge-S based PMC elements here 
showed no such permanent failure at these high TID levels, the increase in OFF-state 
resistance after TID of 10 Mrad(Ge40S60) indicates that similar radiation-induced silver 
anode surface agglomeration (and/or deposition) mechanisms [17] might be playing a 
role in the increase in OFF-state resistances.  
The ROFF/RON ratio of PMC elements on both these test chips is of the order of 
104, before and after all total dose levels. This indicates that the Ag-Ge-S based PMC 
elements retain resistance-switching behavior at high total dose levels, therefore 
demonstrating the hardness of the materials and device operation.  
 
 107 
 
Figure 55. Top view of test chip 1 (i.e., 100 nm thick silver anode): 5 µm via PMC 
element (a) before exposure (b) at TID 2.05 Mrad, (c) at TID of 7.5 Mrad, (d) at TID of 
10.02 Mrad(Ge40S60) 
 
Figure 56. Top view of test chip 2 (i.e., 35 nm thick silver anode): 5 µm via PMC element 
(a) before exposure (b) at TID 2.05 Mrad, (c) at TID of 7.5 Mrad, (d) at TID of 10.02 
Mrad(Ge40S60) 
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Figure 57. Top view of test chip 1 (i.e., 100 nm thick silver anode): 100 µm via PMC 
element at various increasing TID’s. 
 
Figure 58. Top view of test chip 2 (i.e., 35 nm thick silver anode): 100 µm via PMC 
element at various increasing TID’s. 
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Figure 59. Top view SEM image of a 5 um via PMC element (35 nm thick silver anode): 
(a) control sample, and (b) exposed to 60Co gamma-rays, after TID of 10.02 
Mrad(Ge40S60). 
 
5.2 Conclusion 
The 60Co gamma irradiation effects on the Ag-doped Ge40S60 Programmable 
Metallization Cell test devices have been investigated. The resistance switching response 
and MLC capabilities are preserved up to the maximum experimental TID of 10 
Mrad(Ge40S60), with a ROFF/RON ratio >104 Ω before and after all total dose levels. The 
results show no change in the ON-state resistance after 10 Mrad(Ge40S60) and the OFF-
state resistances exhibit little change apart from a slight increase at 10 Mrad.  
The tolerance of PMC devices to high ionizing radiation can be related to the 
extended UV photo-doping and thermal annealing processes during the manufacturing 
stage of PMC devices. The UV photo-doping process ensures saturation of Ag in ChG 
and may reduce any impact of any additional electron-hole generation on Ag diffusion 
occurring during irradiation exposures. Extended photo-doping process could also aid to 
formation of thin oxide layer that could behave as diffusion barrier layer between Ag 
anode and doped ChG layer, therefore further inhibiting the Ag diffusion or deposition 
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processes during irradiation. Thermal annealing process during the manufacturing could 
assist in relaxation/stabilization of hosting ChG backbone after the photo-doping. 
Although further experiments are needed to investigate the role of thermal annealing 
steps during irradiation exposures, it is suggested that intermediate thermal annealing 
during irradiation exposures could extend the tolerance of resistance switching operation 
of PMC devices to radiation.  
With regards to increase in OFF-state resistance, a combination of photo-
deposition and photo-oxidation can be playing roles in modifying the ChG composition. 
Generally, the change in doped ChG resistance can be directly related to the change in Ag 
concentration in ChG []. As a result, Ag photo-deposition in ChG and subsequent 
agglomeration (as seen from SEM images) could be a leading factor in increasing the 
OFF-state resistance. Although further investigation is required, the discoloration of the 
Ag anode with higher doses (as seen from optical images) could be attributed to photo-
darkening or photo-oxidation.  
Further study on materials properties and device variations, supported by 
numerical device simulations, are needed in order to identify the features of the PMC 
technology underlying its observed radiation hardness. 
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6 CONCLUSIONS 
In this study, the effects of ionizing radiation on various Ag/ChG structures have 
revealed several interesting properties of these materials for applicability both as 
radiation sensors and for radiation-hard electronic applications. In case of the 
chalcogenide glass based radiation sensors, developed either on rigid or flexible 
substrates have exhibited significant change in the output resistance as a result of 
radiation-induced diffusion of Ag into the chalcogenide glasses. Various sensor 
configurations, such as the lateral sensor structures with two different compositions 
(Ge20Se80 and Ge30Se70), and three glass thicknesses (5 nm, 10 nm, and 20 nm) fabricated 
on a glass substrate, the vertical sensor structure (with Ni bottom electrode), and the 
flexible lateral sensor (fabricated on a PEN substrate), have all demonstrated the 
applicability of ChG based sensors for the next generation of inexpensive, portable, 
electronic, field dosimeters.  These devices are compact in size, scalable, and can be 
easily and inexpensively incorporated into a standard integrated circuit process flow. 
The ChG sensors have also exhibited controllable sensor performance 
characteristics, good data retention, and instantaneous electrical readout with respect to 
both U.V. and 60Co gamma irradiation. The thickness (less than 20 nm) and composition 
of ChG material play major roles in the radiation-induced Ag photodoping process and in 
return influence the sensor performance characteristics. The distance between the two 
coplanar Ag electrodes shows linear dependence on Dth of the sensor. A combination of 
radiation induced silver surface agglomeration and subsequent room temperature/thermal 
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annealing of Ag clusters in Ag-Ge-Se thin films have also demonstrated the potential 
reusability of the sensor.  
The simple and low cost fabrication techniques developed in this study has 
allowed fabricating the sensors on a flexible PEN substrate. The sensors were stressed 
mechanically by bending them inward and outward to produce a range of compressive 
and tensile stresses, and were also exposed to elevated temperatures to assess their 
stability.  The OFF- and ON-state resistances of the flexible sensors did not show 
significant degradation with regards to either mechanical stress or thermal stress 
(investigated up to 150 oC), although further research is needed to understand the limits 
of such operational characteristics. These promising results suggest the operability and 
manufacturability of these ChG sensors on even cheaper substrates such as paper, stickers 
or plastic that can be readily attached to non-flat objects such as flasks, barrels, and pipes.  
In case of developing radiation-hard Ag/ChG structures, the ON- and OFF-state 
resistances, and switching characteristics of PMC devices have shown to withstand 
higher radiation doses. This study demonstrates PMC devices with two different ChG 
compositions (germanium-selenide and germanium-sulfide solid electrolyte systems), 
two Ag anode thicknesses (35 nm and 100 nm), and improved fabrication parameters, in 
order to address the suppression mechanisms for formation of silver surface deposition 
and subsequent agglomeration (induced either by 60Co gamma-rays or during fabrication 
process). The electrical and material failure analysis have revealed that the silver 
agglomeration has caused the PMC devices to be either in permanent open or short circuit 
failure states. Loss of Ag anode continuity causes the devices to remain in an open state, 
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whereas, growth of Ag agglomerates either on the anode surface or inside the ChG 
material has caused the devices to remain in a shorted state.  
The SEM and EDS results on the surface morphology of the PMC devices show 
that the radiation-induced agglomeration is caused by Ag photo-deposition on Ag-rich 
ChG film, that might be activated by internal electric fields, where carrier generation and 
Ag agglomeration at the surface limit the photo-deposition process. Moreover, radiation-
induced Ag photo-deposition could be reversible through thermal, e-beam irradiation 
annealing of PMC devices, which might be related to inversion of the electric field at the 
interface between the Ag photo-deposited clusters and Ag-poor chalcogenide glass. 
The shortcomings due to radiation or fabrication-induced silver agglomeration in 
PMC devices have been addressed by tuning the critical fabrication parameters, such as 
higher Ag deposition rate, extended photo-doping time, increasing the thickness of Ag 
anode, and thermal annealing. The resulting Ge30Se70 and Ge40S60 PMC devices showed 
no silver agglomeration and the 60Co gamma irradiation testing on these devices has 
shown that the resistance switching response is preserved up to a TID of 10 Mrad (ChG), 
i.e., an improvement of twice in radiation tolerance compared to preliminary results 
before tuning the critical fabrication parameters.  
The mechanisms of radiation-induced Ag/Ag+ transport and reactions in ChG are 
modeled using a finite element TCAD device simulator (Silvaco’s ATLAS). The 
essential reactions captured by the simulator are radiation-induced carrier generation, 
combined with reduction/oxidation for both ionic and neutral Ag species in the 
chalcogenide film. The FE simulation models the silver lateral photo-doping in ChG film 
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under various radiation doses, by incorporating the ion transport equations and their 
reactions with electrons and holes generated during exposures. The results provide strong 
qualitative evidence that finite element codes can simulate ionic transport reactions in the 
ChG and reveal plausible mechanisms for radiation-induced metal doping. Further work 
is in needed to improve the accuracy of the simulations through adjustments of the 
simulation parameters, the equation set and the effect of work-function difference, and 
double-layer capacitance on Ag diffusion profiles. 
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8 APPENDIX 
PMC Fabrication Traveler: 
 
Cleanroom Conditions: Temperature = 69 F, R.Humidity = 38 %  
 
Si wafer DI water clean. 
TORR VAC Ni - 100 nm, SiO2- 100 nm 
------------------------------------------------------------------------------------------------------------ 
HMDS and AZ 3312 at 3500 RPM for 30 sec 
Soft bake in hot plate for 60 sec at 1000C 
------------------------------------------------------------------------------------------------------------ 
Exposure in OAI: Time = 15 sec, Power = 10 mw/cm2. Mask I 
Sample developed in AZ 300 MIF developer for 35 secs (depends on cleanroom 
conditions) 
Hard Bake in Hot Plate at 1100C for 60 sec 
Wet Etch: SiO2 wet etching in 20:1 BOE (25 nm/minute for grown oxide to 200 
nm/minute PVD oxide) 
   Time: 30 sec-1 min 
Resist strip in Acetone  
------------------------------------------------------------------------------------------------------------ 
HMDS and AZ 3312 Spun at 3500 RPM for 30 sec 
Soft bake in hot plate for 60 sec at 1000C 
Exposure in OAI: Time = 15 sec Power = 10 mw/cm2. Mask II  
Sample developed in AZ 300 MIF developer for 35 secs 
------------------------------------------------------------------------------------------------------------ 
Sample loaded into Cressington for Glass Stack deposition 
Glass Deposition begins 
 Material  GeSe (30:70) 
 Density  4 
 Z Ratio  1 
 Tooling Factor  100% 
 Base P   1.9e-6 
 Evap P   2.5e-6 
 Final Thickness ~600 A (real) 
 Current  ~29 A  
 Rate   1 A/sec  
 Rotation  yes 
Silver deposition begins 
  Material  Ag 
  Density  10.49 
  Z Ratio  0.529 
  Tooling Factor  100% 
  Base P   2e-6 
  Evap P   2.3e-6 
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  Final Thickness ~ 300 A (real)  
  Current  61 A  
  Rate    1 A/sec 
  Rotation  yes  
Photodissolution: Exposure in OAI: Time = 20 min - 1 hr. Power = 10 mw/cm2. 
Silver Anode deposition begins 
  Material  Ag 
  Density  10.49 
  Z Ratio  0.529 
  Tooling Factor  100% 
  Base P   2e-6 
  Evap P   2.3e-6 
  Final Thickness ~ 350 A (real)  
  Current  61 A  
  Rate    1 A/sec 
  Rotation  yes 
Lift-off in Acetone.  
------------------------------------------------------------------------------------------------------------ 
HMDS and AZ 4330 Spun at 4000 RPM for 30 sec 
Soft bake in hot plate for 60 sec at 100C 
Exposure in OAI: Time = 45 sec Power = 10 mw/cm2. Mask III  
Sample developed in AZ 300 MIF developer for 35 secs (*depends) 
------------------------------------------------------------------------------------------------------------ 
Sample loaded into Torrvac for Aluminum deposition. Final Thickness ~8000 A (real) 
Lift-off in Acetone.  
------------------------------------------------------------------------------------------------------------ 
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Silvaco’s Atlas Code for Ag Lateral Photo-Doping in ChG 
 
go atlas 
mesh width=1.0 
 
x.m loc=0.0 spac=0.01 
x.m loc=1.0 spac=0.01 
 
y.m loc=0.0 spac=0.001 
y.m loc=0.01 spac=0.001 
 
region num=1 silicon y.min=0.0 y.max=0.01 
 
electrode name=anode1  x.min=0.0 x.max=0.05 y.min=0 y.max=0.01 
electrode name=anode2  x.min=0.95 x.max=1.0 y.min=0 y.max=0.01 
 
doping region=1 species1 uniform conc=1e18 y.min=0 y.max=0.01 
x.min=0.05  x.max=0.35 
doping region=1 species1 uniform conc=1e18 y.min=0 y.max=0.01 
x.min=0.65  x.max=0.95 
 
contact name=anode1 workfunction=4.6 
contact name=anode2 workfunction=4.6 
 
# species 1 is Ag 
material species1.hop=1e-10 species1.af=1e4 species1.ea=1.5 
 
# species 2 is Ag+ 
material species2.hop=1e-6 species2.af=1e15 species2.ea=0.25 
 
# set material parameters for ChG 
material region=1 eg300=2.5 nc300=1e19 nv300=1e19 mun=1e-5 
mup=1000 permittivity=5 affinity=3.45 taun0=1 taup0=1 
 
#specfy the radiation dose rate 
beam num=1 f.radiate=rad_1e22.lib 
 
models srh nspecies=2 species1.z=0 species2.z=1 
 
#specify reaction rates 
reaction before.sp1=1 before.p=1 after.sp2=1 forward.rate=1e2 
forward.ea=0.5 reverse.rate=1e-10 reverse.ea=1.0 
 
reaction before.sp2=1 before.n=1 after.sp1=1 forward.rate=1e2 
forward.ea=0.5 reverse.rate=1e-10 reverse.ea=1.0 
 
#method species.maxx=1.0e6 species.ins 
method species.maxx=1.0e6 
 
output ox.charge band.param con.band val.band 
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solve init freezespecies 
 
#steady state solve changes initial distribution but 
#preserves total dose  freezespecies 
 
#solve prev freezespecies 
 
save outf=rr2_2_0V.str 
 
log outf=rr2_3_1e22.log 
 
solve b1=0 ramp.lit dt=1e-13 tstop=1e-11 
save outf=rr2_3_0_10ps.str 
 
solve b1=0 ramp.lit dt=1e-9 tstop=10e-6 
save outf=rr2_3_0_10us.str 
 
solve b1=1 ramp.lit tstep=1e-9 ramptime=1e-7 tstop=11e-6 
save outf=rr2_3_1e22_1us.str 
 
solve b1=1 tstep=1e-9 tstop=12e-6 
save outf=rr2_3_1e22_2us.str 
 
solve b1=1 tstep=1e-9 tstop=13e-6 
save outf=rr2_3_1e22_3us.str 
 
solve b1=1 tstep=1e-9 tstop=14e-6 
save outf=rr2_3_1e22_4us.str 
 
solve b1=1 tstep=1e-9 tstop=15e-6 
save outf=rr2_3_1e22_5us.str 
 
solve b1=1 tstep=1e-9 tstop=16e-6 
save outf=rr2_3_1e22_6us.str 
 
solve b1=1 tstep=1e-9 tstop=17e-6 
save outf=rr2_3_1e22_7us.str 
 
solve b1=1 tstep=1e-9 tstop=18e-6 
save outf=rr2_3_1e22_8us.str 
 
solve b1=1 tstep=1e-9 tstop=19e-6 
save outf=rr2_3_1e22_9us.str 
 
solve b1=1 tstep=1e-9 tstop=20e-6 
save outf=rr2_3_1e22_10us.str 
 
solve b1=1 tstep=1e-9 tstop=110e-6 
save outf=rr2_3_1e22_100us.str 
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solve b1=1 tstep=1e-9 tstop=1.0e-3 
save outf=rr2_3_1e22_1ms.str 
 
 
quit 
File name: rad_1e22.lib 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <ctype.h> 
#include <malloc.h> 
#include <string.h> 
#include <template.h> 
 
/* 
* Generation rate as a function of position 
 * Statement: BEAM 
 * Parameter: F.RADIATE 
 * Arguments: 
 * x          location x (microns) 
 * y          location y (microns) 
 * z          location z (microns) 
 * t          time (seconds ) 
 * *rat       generation rate per cc per sec. 
 */ 
 
int radiate(double x,double y,double z,double t,double *rat) 
{ 
 if (t > 1e-13 && t < 1e6) 
 {*rat = 1e22; 
} 
        return(0);                /* 0 - ok */ 
} 
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